


nti~~id~ ts in Critical 

xidative stress has been i a~~f~st~ti~~s of critital illnesses, intl. 
emia and reper n injury and systemic in a~~at~~ states. This review 

describes the evidence for increased ox~dat~ve st ss in critically ill ~at~~nt.s and ex- 
plores the data regarding an~~~xida~t therapy far e ~~~d~t~~~s. ~~t~~xida~t thera- 
include ~-ac~ty~cystei~e~ s~~en~u~, vitamins and C, s~~~r~x~de 

and all~~uri~~l. We focus an the results of ese intg~entions i 
nd human trials, when available. 

Int=reMng evidence supports the roEe of 
systemic oxidative stress in the develap- 
ment and m~nifest2tiQn of critical ill- 
ness. Otidative stress is defined as a state 
in which the level of toxic reactive oxy- 
gen intermediates fRU1.) overcomes the en- 
dogemus antiioxidant defenses of the host. 
Oxidative stress can resutt, therefore, from 
either an excess in oxidant production, or 
depletion of antioxidant defenses. Reac- 
tive oxygen intermediates are produced as 
a re5ult of nonrral Fhysi~l~gi~ processes, 
inchding teakage of electrons from cel- 
h&u- efectrcm transfer chains, and as by- 
pmducts af membrane lipid metabolism 
(Ftigors g 1. During illness, RQI are pro- 
dueed by phagocytic c&s as a mecha- 
nism to kill invading microorganisms. 
When inflammation becomes systemic, 
however, as in sepsis or the systemic in- 
~ammat~~ response syndrome, fuss of 
control of ROI production may le.ad to 
noncbscriminant bystander injury in the 
host. Reactive oxygen ~nt~~ed~t~ cause 
direct cefhrtar in&n-y by oxidative injury 
to cellular proteins and nucleic acids, and 
by inducrng Lipid peroxidation, which leads 
to the destruction of the ceft membrane. 

In addition to causing direct cytcnox- 
icity, RQI also play a role as second mes- 
sengers in the intraceflutar signaling path- 
ways of inffammatary cefIs. In particuIar, 
the activation of the criticat nuclear tran- 

scripti~n factor, nuclear factor 43 (NF- 
KB), has been induced by hydrogen per- 
oxide and blacked by seveml an~~~~n~, 
including vitamin E.‘.2 Nuclear factor tcB 
is a central transcription factor invofved 
in the r~~lati~n af numerous proin 
matmy genes, ~n~~udi~g many cytokines 
(tumor necrosis factor, interleu~n [lLf -1, 
XL-& XL-8, K-2) 1 hematopoetic growth f&c- 
tors ~granu~u~yte-rna~r~~hag~ colony- 
stimulating factor, ma~r~phag~ c&my- 
stimulating factor, granulocyte calony- 
stimzxiating factor), ceff adhesion 
mofecnles (CAM) ~i~ter~el~u~r CAM-I, 
endathel~al-leukocyte adhesion mol- 
ecule 1, vascular CAM-X) and nitric ox- 
ide synthase ~~~~~~.3 ‘Nucl~r factor KB 
has been demonstrated as an important 
mediator in the signal transduction for 
bath endotoxin and ~~~~rnrnat~~ cyto- 
k~~~-~~d~~ed a~t~vati~n.~ A second ma- 
jor tra~c~pti~n factor, activator protein 
1 (AP- 11, also seems to be regulat 
changes in the redox state of the ee 
can be activated by both oxidants a 
tioxidants depending on the cell 
on intracellular conditicms.*-6 
tian, several ~n~arn~at~~ genes have pro- 
motor sites for AP-1, although its role in 

tory signaling remains fess Well 
ted than ?+dF+~fi,~ Thus, afteting 

x state of the cell may contribute 
to the ongoing i~flammat~~ cytotine pro- 
duction and progression of systemic: ia- 

arnrn~l~~~, Leading to organ injury. This 



the de ent of the acute respi- 
rome ( or multiple organ fail- 

fn additian to statates of systemic in~ammati~n, oxi- 
dative stress has been implicated in the rna~~fe~~t~~n~ 
of amxher catnmon cause of critical iffness: ischemia and 
r~perf~si~~ injury. Xschemia of tissue ‘beds fofiowed by 

enated bload, during resuscita- 
t production af ROE. This is primed 

ty of xanthine oxidase and in- 
creased ~r~du~t~~~ of h~~~nth~ne due to loss of aden- 
osine ~~h~~~hate during ischemia. VVhen oxygen is re- 

both incr~d su~trate and increased 
the fo2lowing reaction: 

~~t~~e or ~~~xa~thi~e + Hz0 + 202 + uric acid 
+ x3,-- + m+ 

nd reperfusion injury occurs, cr?rn a 
wing h~~vulemjc shock and resusci- 

tatim. f t also occurs f0cafly in several clinical scenarios, 
intruding limb ischemia with revas~~lar~ati~n or fasci- 
~t~rn~~ myocardiaX ~~farcti~~ with thrurnb~~ys~~~ and 
rallying urgan tran~~~antat~~n. 

To combat the threat of axidative stress, there ex- 
ists a darner Qfend~gen~u~ antioxidant defenses. These 
indude vitamins E and 6, provitamin A (@carotene>, gltr- 
tathj~ne~ 5u~er~~~de dismutase and catafase, b~~~~b~n, 
urate, and ather @asma proteins. These antiaxidants can 
be divided into enzymatic and nonenzymati~ groups 

(T&h). The enzymatic a~t~~xid~n~ include ~n~er~x~ 
ide dismutase, which catalyzes the cortvers*c3n of Q2- tc3 
MzUz and HzQ; cat&se, whit then converts W202 to Hz0 
and 0,; and g~u~thi~~e peraxidase, which reduces H2Ua 
to W&I by ~x~d~~~ng glutathi.ane (C&W). ~e~redu~ti~~ of 
the oxidized form af g~utatbi~ne ~g~u~th~~ne d~n~~de~ 
is then catalyzed by g~utath~~~e reductase. These en- 
zymes also require trace metal cofactors fur maximal ef- 
ficiency, in&ding seIenium fur glutathione peroxi- 
dase; cclpper, zinc, or manganese for superoxide 
dismutase; and iron for cat&se. 

The nonenzymatic a~ti~x~dan~ in&de the lipid- 
soluble vitamins (vitamin E, and vitamin A o 
tene) and the watt: e vitamins ~vitam~ 
glntathi~ne~. Viram been described a5 the manor 
chain-braking anti in humans.’ Vitamin E is a 
generic term e~~~rn~a~sing a ~~~~e~t~~~ of tu~~~her~~~ 
and tacotrieno-1s obtained fram plant ah. The MCW 
b~Q~~~~~a~~~ active form is a-tocopheroi. Because of its 
lipid s~~ub~~ity, vitamin E is located in cell membranes 
where it interrnps Iipid peruxidation and plays a r-ale in 
modulating intracellular signaling pathways that rely 
*n RQ1 8Sp3~1),10-lf V’ . Etamin E can afso directly quench 
RUX, in&ding 02-, HO, and IQ. Vitamin A is a term 
en~~rn~~~ng a ~Q~~e~t~~n of obtained in the diet 
~rirna~~y from dairy produc liver, and fortified 
cereals. @-car0 tene is f~~nd ty of fmi& and veg- 
etables, and it provides a~~r~x~rnate~y 25% of the vita- 
min A in Western diets. Dietary fhmat~ne ks ~~nv~~t~d 
to retinoE at the Xevel of the intestinaf muct.~, and it func- 
tions as a chain-breaking antioxidant. 

Vermin C (ascorbic acid) f obtained vernally from 
citrus fruits, functions as a water-sotubk antioxidant ca- 
pable of broadly ~~ven~~g RQX, including 
trophil ~x~da~~~ HO, WzOz~ and h~~~h~ur~u~ acid. Un- 
der certain circumstances, vitamin C has been shown to 
have pro-oxidant properties swell, Far exampk, when 
combined with iron, it has been shown ta asseverate lipid 
peroxidation, which leads gu cellular membrane dam- 
age.” Finally, GSH, which is syrzthesized ~~tra~ell~~r~y 
from cysteine, glycine, and glutamate, & capable of ei- 
tber direcdy scavenging RQI, or e~at~~~ly doing $a 
via glutathione peroxidase [Fs~u~ 21. &I add~~un~ GSH 
is crrrcial to the maintenance af enzymes and other cel- 
lular components in a reduced state. The majority of GSM 
is synthesized in the liver, and a~~r~~~rnate~y 40% is se- 
creted in the bile. 

The enzymatic and nune~~a~~ antif>ddant sys- 
terns are intimately linked to one another, as ~l~~~trated 
in Figure 2. EM& vitamin C and CSM have been impli- 
cated in the recycling of cu-tocopherol rad~~a~s.~~~~~~ In 
addition, the trace etements selenium, manganese, cop- 
per, and zinc piay important rsfes as nutritious a~t~~x~~ 
dant cofactors. Se~en~um is a cofactor fur the enzyme glu- 
tat&one peroxidase; and manganese, copper, and zinc 
are cofactors for superoxide dismutase. Zinc afscl acts EQ 
stabilize the cefMar m~~a~~~thiunein pso’i, which has di- 
rect free radical ~~~n~bing ability,I* The compfex inter- 
actions of these different antioxidant systems may im- 
ply that successful therapeutic strategies will depend an 
the use of a ~~mb~nati~n of various antioxidants rather 
than a single agent. 



Numero~ inv~tigato~ have evaluated the ~ystern~~ oxi- 
dant state of ~rit~~al~y ill and injured patients. Surrogate 
by-Fr~du~~s of membrane li d peroxidation are el- 
evated in the serum of several itically iff patient popu- 
lations.xs-“’ In addition, there is evidence of increased oxi- 
dant a~~i~j~y in the hgs of patients with the acute 
respiratory distress syndrome (AR S) as manifest by in- 
creased myelo~~~oxidase activity and products of lipid 
~eroxidatio~ detected in the bronchoalveolar lavage 
fluid-t7 measurement of antioxidant defenses has cun- 
siste~tly demu~trated depressed plasma levels of vita- 
mins E and C in patients with sepsis and ARDS.13-“7.2*-23 

~ramin C levels have also been shown to 
af the development of multiple organ fail- 

risk.z4 Similarly, gluta- 
plasma of patients with 

hepatic failure, in polytrauma patients, and in the bran- 
~hoalveolar lavage fluid of those with ARDS.“9*2s-57 

A recently developed assay measuring total serum 
a~tio~dant status has also been applied to several popu- 
;Lations of ~~~i~~~y ill patients.2s32 This assay is based on 
the inhibition by serum a~~iu~~da~~ of the absorbance 
of the radical cario~ 2,2’-azino-bis-(3-ethylbenzo- 
thi~o~~e~~-sul~ho~i~ acid) (ABTS) . These studies have 
demo~~at~d mixed results; however, on the whole they 
support the prese-nce of increased systemic &dative stress 
and the d~~leti~~ of antioxidant defenses during criti- 
cal illness. As a result, several investigators have sought 
to evaluate the usef~ln~~ of antioxidant therapy for these 
patients. 

The most widely used antioxidant in experimental and 
clinical mode&s k ~-Ace~l~tein~ CNAC). Nacetylcys- 
teine is converted, in viva, to L-cysteine, which is used 
to replete i~tra~~ll~lar stores of glutathione. The thiol 
group on the lNAC molecule affords it direct antioxi- 
dant activity as wd.” ~-A~e~l~tei~e is an attractive 
agent for clinical trials, as it ha been safely used in hu- 
mans fur several years fur the treatment of acetamino- 
phm overdose, and as a bucolic agent in patients with 
c&sructive ~u~m~~~ disease.” ~-Ace~l~t~i~e can be 
administered orally, intravenously, or as an inhalation 
agent. The oral a~in~t~ation of NAC increases GSH lev- 
els in the liver, plasma, and broneboalveohr lavage fluid, 
su~~ting a widesprea-d systemic effect.35 

Use of NAC in animal models of ischemia and reper- 
fusion injury and ARDS has demonstrated ~n~ouragi~g 
re.sulr~.~~~ ‘fn models of acute lung injury, based on the 
i~~~~h~l admi~~~o~ of ~~~ly~~~~~d~ or XL- 1, 
there was attenuation of ~ulrnona~ injury and a sign& 
Cant reduction in lung pe~~abil~~ and lipid peroxide 
production, even when NAC was administered up to 2 
baurs after end~toxin or IL-l &~llenge,~~,~~ A more re- 
cent study has d~mo~trated that liposomal encqsuL 
tion of NBC, adnunistered intratra~h~liy, leads to a pro- 

longed protective effect in a rat model of acute lung 
injury.46 

ased on the en~o~~gi~g results in animal studies, 
human trials of NAC for the treatment of ARDS 

have been ~om~leted.z4**7~ Recent studies of patients with 
ARRS have eonfirmed the ability of parenteral NAC ad- 
mi~~t~tio~ to increase GSH levels in the b~o~~hoalveo- 
lar tavage fluid and within pulmonary ~a~u~o~~~.~.~~ 
Chnical trials to demonstrate benefit in patients with ARDS, 
however, have had equivocal results. Jepsen et al,+’ in a 
prospective, randomized, double-blinded trial of NAC vs 
a placebo in patients with estaUi&ed ARDS, were unable 
to show any di&renee in the PaU2+FiOx ratio or survival 
between the groups. Si~i~r~y, ~om~~ghet~ et aP wefft: 
unable to de~o~trate any change in o~t~orne param- 
eters for patients with established ARDS? ~ow~e~, Suter 
et a1,26 in a similar group of patients, demonstrated im- 
proved oxygenation and a deereased need for ve~~~to~ 

load cell GSH levels, su ting that rha drugs were ac- 
rive and tit rhe number y5 of acu te lung injury were 
sigiljnificantly reduced. T was no difference in mor- 
tality in any of these studies, but all had restively small 
sample si2es. Further triafs are needed to determine 
whether patients at an earlier stage 
cesss, ur ~referably~ those at risk for 
ARDS, will benefit from NAC treatment. 

Trials of NAC for other ~~t~~al~y ill patient popu- 
lations have also had mixed results. No averall outcome 
benefit was seen in a mixed ~o~~~ation of patients in an 
intensive care unit.‘* Two studies of NAC administra- 
tion to patients undergoing a liver trans~lan~t~on have 
demo~tra~ed con~adi~to~ results, with one sho~~g no 
benefit, and the other showing improved liver function 
and better graft survival in the NAG-treated group.S3*sJ 



A study of the ~~~~d~~~~~ effects of NAC adm~~~stra- 
tion in patients with sepsis, revealed that 45% of 
t,iencj g&en NAG dem~~~ted an increase in oxygen e 
~ump~j~n, which was associated with an increase in gastric 
mueasal pK. 55 these NAG responders had a better sur- 
Viva1 rate than ~~nresp~nder~~ Similarly, a more recent 
study sf NAG adrn~n~trat~~~ to patients with sepsis dem- 
onstrated a~tenuat~~~ of oxidative stress and improve- 
ment in cfinical scores ft>r these patients.55 Lastly, NAG 
adm~n~trati~n has demonstrated significant benefit in the 
treatment of futminant hepatic failure secondary to acet- 
amjn~ph~n t~x~c~t~, artd it is widely used for this indi- 
CatiQn.~7*5” 

Addit~~~a~ ~~~~i~a~ trials with larger numbers af pa- 
tients are needed tu better define which ~~~u~ati~~ of 

may benefit frum NAC therapy. En 
important to define the appropriate 

timing for inte~~~t~~n in each disease process. As sug- 
gested by the results of the ARDS trial, patients with es- 
tab~~shed disease may not benefit, as the oxidant dam- 
age has been done. It may be more appropriate to target 
~at~e~~ early in the in~arn~t~~ process or at &e time 
af re~erfusiQn fol~~~ng ischemic insufu. 

Selenium 

er strategy tu indirectly alter the oxidanx- 
~~t~~~~d~~~ balance is the reptetkm of the trace element 
se’leni.um. S&Mum is a criricat cofactor for the fu~~t~~~ 
of the enzyme glutathione peraxidase, which is in- 
volved in the oxidaticm uf ~~~~thi~~e. One study has 
evaluated selenium sup~lernen~~~n in patients with sys- 
temk ~n~ammato~ response syndrome, kn which aI1 pa- 
tients had low serum selenium levels at the o;I1Set of the 

Tg These authors demonstrate a lower frequency of 
failure, a more rapid r~~~uti~n of argan dysfunc- 
and a trend toward a decreased mortabty rate for 

patients receiving selenium su~~lerne~~t~~n. Further 
study ti needed ta fuUy elucidate the mechanism ufben- 
efit and clink&I usefulness of this approach in different 
patient populaticms. 

Vitimin E 

rum and tissue a-gocopherol levels taul steadily and dra- 
rna~~~~y in the first 24 hcmrs following endot&n in- 
fusion or cecal ligation and puncture.b0*61 Several inves- 
tigat~rs have dem~~t~ted hproved swvival following 
a-t;ocopheral t~~atrne~t in these animal models af sep- 

. 62-iu In addition, ~-tu~~pher~l treatment in animals 
w&h sepsis has been shown to decrease hepatic lipid per- 
oxidation, attenuate disseminated intravascular coagu- 
lati~~ , and reduce plasma lactate ievels.6’“3,66 Addi- 
tionaf mad& of excessive i~~ammati~n in which 
~-t~~~pher~l has been shown to have beneficial effects 
include a murk hepatic is~hemia-re~erfus~un model, a 
rat ren;fI ~s~hem~a-reperfusi~~ model and in putmonary 
inflammation following z~~sa~-i~duc~d peri toni tis in 
ratzP-@ fn the liver ~chemia-re~~rfusjon study, the a-ta- 
copherof-treated grc~~p dem~~trated decreased lipid per- 
~~~d~t~o~, enhanced adenosine t~ph~~p~at~ gcnera- 
tion, increased survival, and attenuation of hepatii: 

da~~~~.~ fn a aided of renal warm ~~~~~~~a~ ~-t~~~~~- 
erof pretreatment had protective effects OX? the ~~dn~~~ 
as evidenced by enhanced adenusine t~~h~s~hate lev- 
els during reperfusian and lower serum ~r~t~~~~e lev- 
eb. Increased survival was also nated in ischemic rats f~f- 
towing treatment with at-toctlpher~l.~~ In the case of 
rymosan-induced peritonitis, ~d~~~i~tr~t~~~ <sf cx-to- 
caphero! immediately full~~~g intraper~t~n~a~ zymo- 
san injection lead to a decrease in ~r~duct~~~ af prrlmo- 
nary lipid ~er~x~dati~~ by-products, and atten~at~~~ of 
pulmonary tissue damage when compared with con- 
tr&.67 This attenuation of ~ulrn~~a~ injury may be due 
CO the marked ~nhibit~~~ of the alveolar rna~ru~~ag~ pro- 
inflammatory response, which we have dem~~~rated fo’ol- 
Iowing enteral ac-tocopherol s~~~~ern~ntat~~~.~~ 

A recent study has examined the effect of oral vita- 
min E ~~~~l~~e~~t~~~ cm Zluman ~~~~~~~ f~~~t~~~ in 
healthy v&unteers, who were given 1200 IU af a-to- 
cr>pherol for 8 weeks. ‘l Their m~nu~yt~ were then hax- 
vested and found to have s~gn~f~~ant~y suppressed re- 
sponses to endstoxin, ~~~lud~ng decreased ROI ~r~~~~~~ 
during the respiratory bmst, decreased IL-X@ produc- 
tion, and inhibition of rn~nQ~~te-end~th~~~~ adhesive” 

Despite encuuraging results in animal studies and 
the several reports of decreased levels of vitamin E in ctiti- 
ca@y ill patients, there has been o&y f clinical triak This 

awing to the back 0 an ~~traven~~s prepara- 
tion. A.3 a result, sttdies are ed to the ora1 route, which 
may lead to impaired drug absorption in this patient popu- 
lation- One study has involved enteral vitamin E supple- 
mentation in patients with AHXkr2 In this study, serum 
~-t~~~~~er~l levels, following X-g/d s~~~~erne~~t~u~~ 
were rrot increased in the ART25 patients to the same de- 
gree as controls. However, it is unckar whether this was 
due to excessive ~~~urn~~~n af titamin E in these pa- 
tients, or rna~a~~~~~n due RI severity of iIEness, Cfearly, 
more w~~i-c~~trulled, randamized, pmqxxtke studies 
are needed. En addition, sup~lernen~t~~n with higher 

oses of vitamin E, comparable to the ~~~~~~~s ani- 
mal studies, may be necessary tr, document a ~r~te~~ve 
effect. 

Vitamin C 

Despite dern~~~~~n of depressed ~~rn~~ C Xeve 
CriticalIy iI,l psttients- ~p~lern~~~~~ w&h vitatin C alione 
has not been studied .2f*U-24 Th& may k because af the ap- 
prop&ate cuncern that under c~~d~~~~ af severe axi- 
dam. stress, vitamin C cm function a5 a ~ro-utidmt by 
mating ~r~n-~~~y~ed reactions as an ekctron dunor,73 
Infusion of vitamin C in patients with sepsis results in mpid 
~~~urn~t~~n~ due to either the promaticm of redox cy- 
cting oftion Or as a result of radical sczivengirkg. There seem3 
to be a differential handling of infused gamin C in pa.- 
Gents with sepsis vs h&thy subjects, and further studies 
are needed to elucidate the relative antioxidant and pro- 
oxidant rne~~an~~ poeentialiy involved.73 

Superoxide Dismutase and Catajase 

Results of superoxide dismutase adrn~~~strati~n in ani- 
mal models of sepsis have been variabfe. in general, su- 



~er~~idg d~mutas~ is effective when administered be- 
k?re the anset of sepsis, 74-76 but when admjnjslgred after 
sepsis, it has been estabbhed that it may be harm- 
fu1.76~77 Suvroxide dismutase scavenges superoxide but 
produces ~~~~Q~~~ peroxide, whick requires ctearance 
by cat&se. If hydrogen peroxide is not effectively cleared, 
Xevefs of the highly reactive hydraxyi radical may in- 
crease. Therefore, in this sjtuat~~~~ superoxide dismu- 
tase may act ~r~d~rn~~ant~y as a pro-oxidant. Thus, it 
seems logical that use of superuxide dismutase therapy 
must in&de the addition ctf cataIase adm~ni~tratj~~. A 
~ut~ntia~ limiting factor for both agents is their distri- 
but&m. Bath are iarge molecules, and are restricted largely 
ta the ~xtra~~l~u~r~ ~~nmembrane-bound space. As such, 
their effectiveness may be limited. Use of the 2 agents in 
c~rnb~nat~~n has been investigated in one study of dogs 
with ~n~~t~xerni~, and demonstrated rto benefit from the 
cumbined adrn~n~strat~~~ whether given before or after 
endvt~xin ~ha~~~~ge.?* 

Combination Therapy 

on the r~c~gn~ti~n that lip~d~solu~~e and water- 
soiublc antioxidant may act in a synergistic fashion, such 
as during the recycling of vitamin E by vitamin C, it has 
been suggested that a more appropriate ciinical ap- 
proach ~~v~~v~s the replacement of a “cocktaif” of anti- 
~~~n~ rather than a single agent.7g Two clinical trials 
have investigated this approach. Galley et atsc” adminis- 
tered a combination of N vitamin C, and ix-tocoph- 
ercd ts patients in septic s . They demonstrated a tran- 
sient beneficial h~rn~d~ response, but bid nut assess 
the e&et on outcome A second study evaluated a suppfe- 
mented enteric f~~u~a~~n with increased levels of vi- 
mmins E and C and p-carotene in patients with ARES*” 
Parienu on thti diet required less ventilatory support, had 
a shorter stay in the intensive care unit, and had a de- 
crease in zhe development of organ failure when com- 
pared with control patients. However, this modified diet 
ah bad alterations in the lipid content, with selective 
increase in the propsrtion of w-3 fatty acids. Thrrs, it is 
unclear whether the benefits seen in t&s study are due 
to an increase in antioxidant act&&y, or to the effects of 
altered Xipid metabolism on inflammatory cells. 

e with mukjpfe ac- 

ticms, i~eluding the s~v~~~ng af ~01% the atte~uat~un af 

duction (Figure 1). AH 

therapy to dam-regulate this process. A~~~~urin~~ is ef- 
fective at a tt~n~t~ng the damage from ischemia and reper- 
fusion injury in a number of animal modelsa7-W; how- 
ever, the results in sepsis models have been var~able.~~,~~ 
This suggests that the primary mechanism for free radi- 
caf productian in sepsis is not dependent on the xan- 
thine oxidase pathway. Use of a~~u~u~~~~ in human tri- 
als has been confined to its preoperative administration 
to patiens undergoing coronary bypass surgery, during 
which it has proven b~n~~~~a~ in a~t~nuat~~g the cardiac 
ischemia and reperfusion injury associated with this pro- 
cedrrre,93-*s Based on these data, studies in patients UI?- 
dergoing resus~~tat~~~ for h~mm~rhagi~ shock are. war- 
ranted. 

Toxic RCN play a role in the ma~~f~s~ati~ns of critical ill- 
ness due to both &hernia or reperfusion injury and sys- 
temic in~rn~~~n. Ractive axygen intermediates clarlyi 
cause direct tissue injury, which can fead to o 
ure. In addition, recent studies demQns~rate 

odulatctry role as second messengers within in- 
ory 4s. ~~pp~ern~~~~ an~~xi~nt therapy seems 

pramrsmg in the regulation of the unccmtr&fed produc- 
tion of ROf in these situations. Prior to instituting this 
therapy, however, we must define the aF~r~ptiate time 
points for intervention in each disease prucess. ft seems 

treatment becomes in~r~as~~g~y difficult as the in- 
matory process and the damage induced becomes ir- 

reversible with time. Inaddition, we need to explore corn- 
b~~at~~~a~ therapy, as it is likely t t repletion of both 
livid-s~~ub~~ and water”s~~ub~g a~t~~xidan~ will be re- 
quired. Lastly, the relatively inexpensive nature sf these 
agents makes funding from industrial partners highly un- 
likely. A significant challenge tia in finding agencies WilI- 
ing to support e~~~~raging therapeutics such as “simple 
a~t~~x~dan~.‘~ 
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icals, cyto nes and nitric oxide in cardiac 
d myo~ardial i 

~y~~ard~a~ ~nfar~t~~~ is the mast common cause of congestive cardiac failure. Eree radicals, cytokines, uitric oxide (N 
a~t~~xjda~ts play a major role both ia ath~r~s~~eros~s and myocardiaf damage and ~r~se~at~Q~. In the early sages of ather~R 
s~~~r~s~s, ~~u~~~~s and rn~~~~ytes infiltrate the intima and generate free radicals which damage the ~~d~t~e~ia~ cells. Ax a 
result, ~r~du~~~~~ ;ctfUU and ~r~stacyc~i~ by the endotheliar cells decfines, which have ~~d~~~r~tect~ve a~t~~~s. This aIso has 
reitvance tu the ~~ne~~~a~ action of aspirin since, it caxl modulate both ~r~st~~~d arxd L-arg~n~e-~~ systems ad NF 
Escation. In buth acute my~cardia~ infection and chronic congestive cardiac failure sma levels Qf VENUS i 
tory mediators such as ~ter~en~ and tumiour necrosis factor-a (TM%> 
cells and the my~~ard~~, can suppress myocardial ~~n~a~ti~~~ and bduce 
further d~age the rny~~~d~~. Tmnsforming growth factor (3 ~T~~~~, pal. 

n cm antaganize the h&f actions of TNFa and protect 
to reduce the itzlvcis uf~r~-~~~at~~ cytokines have beneficial action 
215: r4Srs2) 

ilure is comm1011 and the most common 
id ~nfar~t~~~. Approximately I.5 mil- 

km ~nfar~~~~ns accur each year in the USA afone f t , 21. AL 
most 25% of acute rny~c~d~a~ infarctions result in death, with 
slightly more than half af the deaths occurring befare the 
stricken ~ndiv~dua~ reaches hospital. 

The recent advsuxces that have taken place in the manage- 
ment of rny~~d~a~ ~~f~~t~u~ such as intensive curunary care 
units, ~nt~c~agu~~t therapy, t~~rnb~~~~c therapy, coronary 
a~gi~~~asty and b ss surgery have improved the survival 
of patients f~~~~w~ng h~s~~~~~~at~~n. Nevertheless, a risk of 
excess mortality and recurrent non-fatal myocardiaf infarc- 
tion persists in patients wh:ho rec~er from arr acute attack, 

One of the major aims if ma~ag~meut of the patient with 
acute myrxardiaf i~farct~Q~ is to minimise the mass of inf- 
~~~t~d tissue and prevent tile ~c~~~e~~~ of cardiac failure. 

This ensures rapid recovery and adequate rny~~~d~a~ tic- 
tion. Bath thr~rnb~~~i~ therapy and ~~r~~a~ ang~~~~as~ in 
an acute setting aim restore early perfusion of the is 
mic my~c~di~ SO at as much tissue as ~Qss~ble c 

re- 
~e~s~~n results ia dys~n~t~~R ofthe e~d~the~~a~ ceils of the 
coronary vasculature as well as injury to the rn~~~ard~~m 
termed reperfusion injury. 

~eve~he~~ss~ re~erf~s~un is desirable since a~~r~pr~at~ 
thr~mb~~~ic therapy has been shorn to reduce infest size, 
Hence, the d~v~~Q~rne~~ of newer therap 
aim to limit infarct size and enhance myo 
desirabte. Trr develop such strategies, it is 
stand the moIecules that play a sjg~i~cant 
rosis, the process which leads to coronary vascular o 
myc>cardial damage and myacardiaf ~r~se~ati~~. 

Free radicals, various ~~~k~~es, nitric oxide and antioxi- 
dants play an irn~~~a~t role both in at~erus~~~r~s~s and 



myu~ardia1 ~magg and prese~atiun. fn addition* neutro- 
phits,m~~rophag~ssandthec~~diaccettstItemselvesrtanpra- 
lucc mmt=, ifnclt all, ofthese biologically active mafecules. 

It is m-rain that a better unde~~anding of the ma.or players 
in these processes may lead the ~~ve~~~rnent of newer 
therapguti~ advances in this area. 

major underlying process that results 
in ~~rn~~~t~ ~~r~na~ occlusion and my~~ar~ial infarction. 
Major falters that can contribute to the development of 
athgr~s~lgr~sis include: hyperiip~,proteinaemia, increased 
platelet ag~egariun~ damage to vascufar end~th~lia~ cells and 
~nha~~~~ arteriaf Smith muscle eelI ~r~~if~rati~n. bodies 
buth in animals and ixmians reveafed &at p~lyrn~~ honuc fear 

s and m~crupbages are present in ath- 

anion) can inactivate both PGI2 and NO [4], which are PO- 
tent vasQdilat~rs and platelet antigaggr~gat~rs. This suggests 
that in the presence of i~ad~~uat~ amuunts of NO and PGI2 
platelet ag~~gat~~~ an v~o~~nst~~ti~~ wifi occur, a sit~a~ 
tian that is conducive to the dev~l~~rn~nt ~fath~r~s~l~r~sis~ 
thr~mbus~s and vascular occlusion, events that can lead to the 
o~currenc~: of acute myocardiai infarction* 

At ieast two lines of evidence: the ~r~t~~tiv~ action of 
exercise against ischamic heart disease ~I~~~ and role of free 
radicals in ath~r~~~~~r~sis and my~~ardial carnage su~~~~ 
the hypothesis that ~eutr~phiis and munu~yt~s and free radi- 
eats play a major rote in arh~r~scler~sis and IWD. 

Exercise is be~~~~ial both in the ~reve~tiun of ather~s~l~- 
R. Smith et QI. f5] s~died the effect of ton 

exercise on atherus~~~r~sis in persons at tisk of dev 
XMD. In this study of subjects whs exercised fQr a mean af 
2.5 Mweek the ability of mononuclear cells to produce anti- 

reactxve protein declined by X5?& These data indicate that 
~~n~te~ exercise decreases 
n~nu~l~ cells in p4Xsons at 

This is su~~~~~d by the work of gang er af. [7 
showed that in patjents assessed by c~rQna~ angiog 
the circulating ex~a~e~l~lar-~~~ (EC-SOD) is lower in men 
than women and in smokers of each sex and that these llaw 
IeveXs were ind~~~nd~ntly associated with fisted af IKD, 
These findings are consistent with the idea that anti~x~d~~ts 
have protective action against MD. 

Studies by Trip&hi and Hcgde [S] revealed that Alcoa-tab 
copherul pretreatment signi~ca~t~y reduces the my~~ardial 

ercent necrasis in the ieft v~~tri~~lar mass 
in cumparison to the untreated animals. 



It is evident h-m the pre~edj~~ discussion that inflamma- 
tory cells, cytokines, free radicals and ?40 play a major role 
in the path~~enesis of atherosclerosis. Anti~xida~ts such as 
alpha-tQ~~pb~r~~ and endqgenaus antioxidant enzyme SOD 
may prevent ather~s~~er~sis. The beneficial effect ofexercise 
against ather~s~l~r~sis and II33 may lie in its ability to aeti- 
vate tissue levek of SOD, can quench superoxide anion 
and enhance the half-life . I-Ience, methods designed to 
au ent tissue levels of SOD, enhance the praduetion of NO 
and/or s~pp~gss the rei~as~/synth~sis of superoxide anion and 
ather free radicals may prevent atherosclerosis and H-II?. In 
this ~~~t~xt~ administrative of anti~xid~nts such as alpha- 
t~~upherul and recombinant human SOD both far atherascle- 
rosis and XHD needs serious c~~s~derati~n. 

It is menially believed that NO and PGI% have cardiopra- 
tectiw actj~ns. ~~~uto et al. [93 observed that ~~~~~ntra- 

PGf2 and ~~mb~x~g A2 fTX.A,a), which has 
actkms to PGI2, were elevated in the infarcted 

podiums of the heart compared to the non-infarcted regions. 
This increase in the levels ufprus~n~~ds was accompanied 
by increased a&tiv~ti~~ of inducible HO syntbase fiNQS). 

I2 h) and low (5 mgjkglday) doses of 
c acid) d~i~isb~d the ~~n~en~ti~ns 
iNQS in the infarcted heart muscle 

whereas law doses failed to inhibit myocardial i&lQS activ- 
ity. This suggested a close i~t~~cti~n between iNOS and 
~y~l~~xy~eRase (CQX) activities, 

Kimura et al. [ 10] nated significant i~ibiti~n of iNQS in 
the infarcted portian of the my~~ardium at 375 and 500 m@ 
kg ~f~p~~~. Since aspirin is a potent inhibitor df COX, these 
results suggest a close relationship between CQX and iNOS 

. ies in the heart. 
s relationship between the synthesis of PC12 and NO 

is supposed by the wsrk of Aitchison and Coker f 1X ] who 
sh~~ed that in ~~n~end~rff-p~~sed rabbit hearts after 30 
min of re~i~na~ isehaemia and 120 min of repefision, the 
infarct size was si~i~~a~t~y lower in bearts treated with ‘NG- 
n~tr~-&“a~inine ~~-~~A~~~, a potent NO i~ibit~r compared 
to the control. This reduction in infarct size was abolished 

cart was co-perfused with a f O-fold excess af t- 
aF~injne, the precursur af NO [ 1 I]. 

On the other hand, ind~~etba~in, a COX inhibitor. by it- 
self did uot have any effect. But, treatment with both t- 

G and indume~ha~i~ resulted in a si~ni~~ant increase 
in ~~~ar~t size c~~~a~~d to control. Treatment with L-NOARG 

alone increased PC12 synthesis in the ~~ru~a~ e 
to the induction of i5~baemia, an effect which 
by ~Q~pe~sjun with either ~~ar~i~ine or ind~~etha~i~. These 
results clearfy indicate that the ~ed~~t~~~ in infarct size by L- 
NOARG could be due to increased f~~ati~~ of PC12 and 

use relationship between the pr~sta~~~d and 
the t-arginine-NO system. 

Anti-i mmatory agents and 1HD 

The earliest stages Qfather~s~ler~sis may be mediated by an 
aut~~immu~e type if reaction against heat shock ~r~t~i~ 60 
(NSP60) [ 121. For the interactions between MSPfiO specific 
T cells and end~the~ial cells tu occur, both ASPIC and cer- 
tain adhesion molecules need to be expressed in end~thelial 
cells (EC). 

In a recent study, Amberger et a1. f 121 sbowed that a~~~ 
is an elective suppressor of ‘I”NF’ar induced expressive ofad- 
hesion molecule, munocyte cbem~a~ra~~~t protein 
1 ), on human ~bili~l vein ~~d~~~~al celEs and also 
the T cell pr~lifem~i~n in response to influenza viru 
in a d~se~depe~d~t manner in mice, ese data suggest that 
the anti~ath~~~enic effect of aspirin may be 
to prevent the adhesion ~f~s~~zed ‘I’ cells tu 
lial c&s and that d~~~re~lati~~ of&K&t expressive may 
result in decreased recruitment ~fm~nu~es to the int 

In addition, aspirin ~~~~~s as an ~ti~xidaut via it 

ofaspiria can also be due 

lacation in buman m~n~cytes [f6, 173. 
explain the beneficial effects of aspirin in the prevention szf 
ath~r~s~ler~sis and HIT). 

Even cy~l~sp~~n-A seems able to reduce serum levels of 
TNFa and blunt the e ssion of cardiac i~ter~ell~la~ ad- 
hesion molecule- 1 (IC - 1) and thrrs protect a~aiust mycr- 
cardial is~ha~mia-repe~siun injury in rats [IS]. On the other 
hand, Amber~e~ er af. [I 2) reported that ~y~lus~~~~~A may 
enhance atherosclerosis in mice and that it also did not sup- 
press TNFu induced MCP-I expr~ssiun on human ~~b~~~~a~ 
vein e~d~thelial cells. These &~~~astin~ rest&s may in part be 
due to the d~~eren~es in the species used in these studies, 
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~PT~A~ in acute myueardial ~nfar~t~Qn (AMI). This is sup- 
ported by several: lines of ~~s~~at~~~. For exampie, an in- 
creased l~u~~cy~e count is an important risk factor for 
subsequent adverse cardiac events in AMI. Ott et aC. [ 191 stud- 

cyte pr~~~agulant activity with a f-stag& clotting 
express~un of mun~c~es and ~~~~e~~at~~~s of 
XL-6 aad K-8 in 20 patients with AMZ, Systemic 

ive protein Ieveis, ~~n~~yt~ Mac-l expression 
and rn~nu~~e pr~~Qagu]a~~ a~t~v~~ rose si~j~cant~y within 
48 h after PTCA in patients with AMI compared to the control 
group consisting of 20 patients who underwent elective PTCA. 

Reactive oxygen metabaiites also participate in myocar- 
dial da caused by ischa~m~a-r~~e~s~~n injury since 
plasma s of @id peroxides were raised whereas the lev- 
eis ~fv~~~ns C and E were sign~~~ant~y lower 90 min after 
thr~rnb~l~jc therapy in humans fIXI]. Su~~s~ng~y there was 
no correlation Bergen the ejectisn fraction and lipid perox- 
ide values at the 90th mfn following t~~rnb~~~i~ therapy 
which is considered to be the time of successful thromboly- 
sis f2Q]- This suggests that in aEX ~r~babii~~ the rise in free 
radical generation follcrwing thrombolytic therapy does not 
interfere with the cardiac: function. 

NQ also seems ta have an important role in ischaemia- 
r~~~~s~~n injury and E-ID.. f~tnes et ail. f2 t 3 investigated the 
role of end~the~ia~ cell titric oxide synthase (ecNOS) in myo- 
cardial ~schae~a~r~e~~~n injury ix~ wild-type fulEi ecNQS- 
deferent mice and showed that the fatter had significantly 

neutr0phil ac~nmulation compared 
ndings dem~~s~at~ a cardioprotec- 

rtved NO in the ~~cha~rnja-r~e~s~un 
injury in the muuse heart. 

e other hand, studies by Wang et al. [22] suggested 
detived from the iNQS contributes to some of the 

rny~e~d~a~ injury followin r, xi et al. [23] 
based on their studies with mice conciuded 
that d~s~~ti~n af iNOS gene daes not exacerbate ischaemia- 
repe~siun injury in the heart. These apparently contradic- 
tory results can be a~r~but~d to the diEerences in the species 
used vr ta dif&rences in the role of&KS and iNOS on myu- 
cardiaf preservation or both, For example: Jones et a/. and Xi 
et al. used mice whereas Wang el’ ai. used Sprague-Hawley rats 
in their studies and to the type oFNOS that was inhibited. 
For example Jones et al. studied the role of endothefial cell 
NOS, Wang err al’. aad Xi et al. looked at the role of induc- 
ible NUS. Thus, it appears that the issue of whether NO is 
~ene~~~a~ or sot is largely model dependent, dependent upon 
the quantity of NO present in the system, the type of NOS 
that is being studied and may also partly depend on how much 
of the free radica!, ~~r~~ynjt~~~, is formed. 

~nd~tbe~ia~ dys~n~ti~n ofthrs peripheral vasculature oc- 
curs in congestive cardiac failure f&owing XHD. A study of 
the dilator res~onses~ the expressive ofprotein and mRNA 
of the eNQS, iNCX, soluble guanyfate cyciase, superoxide 

rosis and H-ID can be gauged from the fact that its ~~~y~~~- 
phism is associated with irrcreased sus~~~~ib~l~ty ta these 
disorders f25]. The end~the~~a~ P&IX is encoded by the NO5 
gene on ~~~rn~s5rne 7. Single strand ~Qnf~~atj or- 
phism analysis of NOS 3 ~d~nt~~ed a G -+ T po 
in exan 7 of the gene which encodes a GIu -+ Asp amino acid 
s~bsti~t~~n at residue 298 of eNOS. A study [25] sn the re- 
~at~~nsh~~ between this Glu -+ Asp variant and atherus~~e~ 
rotic coronary heart disease showed that there was an excess 
of homozygotes for the Asp~2~~~ variant among patj~~ts with 
a~g~~gra~hi~ eorunary artery disease and among patients 
with recent myocardial ~nf~t~~n compared with their respec- 
tive controls f25]- 

~~a~at~~ mediators such as TPVa and XLs 

~~ng~stjv~ cardiac failure (CCF). E3ian.n aad IvlcCo 
demonstrated increase sma levels oflI%F in shavers of 

ch suggests inap~r~p~at~ leucfl- 
a similar fashion, even dting the phase 

thr~rnbu~~i~ therapy QT angio- 
ocytes adherent to thi myocar- 

of the blood vessels and the ischaemic and 
rny~~ard~um release TNF, IL-6 and i~t~r~~uki~~ 1 

(XL- I), which may initiate and perpetuate r~~~~us~u~ injury 
and enhance myocardial damage [27,25X). 

Further, both TNF and .a I can st~u~ate neu~~h~~s~ mono- 
cytes, T cells and endathelial cells to generate free radicals 
which in turn produce more damage to the rny~~~d~~ 1292. 
Thus, ne~tr~~hiis and rn~~~~~~s and the chemicals gener- 
ated by them in the fvrm ofTNFa, fLs and free radicals seem 
to play a very important rofe in rhe ~ath~ge~esjs of ather~- 
sclerosis, thrombosis and rnyoca~d~a~ injury [l--3]. Even 
~~r~n~~ smooth muscle cells are a ~~t~ntja~ source of l’WFGr. 
during myocardial ischaemia [30]. 

TNF and CHF 

TNFa is a known ~~d~at~r in the ~at~~g~~esis of caqes- 
tive cardiac failure. TNFa is secreted by adipose tjss~~ and 



brays a critical role in insu in resistance and in the pathagen- 
esis of n~n-jnsu~~~ dependent diabetes mellitus [3 l-341. It 
s a mediator of ~~~a~a~iun and septic shock, enhances the 

~r~du~ti~n ufrea~t~ve oxygen species including NO [29,33]. 
TNF is aIsa needed for tissue rem~dei~~ng following acute 
and ~hr~nj~ j~f~~t~~~s. Thus, TNF has both beneficial and 
harmful actions. 

advanced congestive heart failure (CHF) de- 
velop eachexia similar to those having chronic ~n~amrnat~~ 

ic diseases. This “cardiac cachexia’ is now recog- 
due to increase in the circulating levels of TNF 
appears to be a direct relation between the circu- 

NF and clinicaf features of CWF. This is 
by the ~~se~at~~~ that following cardiac 
F levels deezase 1363. Eiigh CQncent~t~~ns 

F are afso found in ether cardiac conditions 
my~cardit~s~ dilated Card~~~yQ~athy, car- 

diac ~~~~~a~ rejection, my~car~al i~fare~~n and f&lowing 
~ard~upuirnun~ bypass surgery [35, 363. 

T?JFa can directly decrease my~~~dia~ contractility in a 
duse d~~e~dent fashion f365 TNFrx, whose release occurs 
early in the course of acute my~e~d~al infarctictn, induced 
rny~~~~a~ ixljury and dys~~ti~u~ can be am&orated to a sig- 
nifkant extent by the a~s~~~un of specifk rn~n~~~~al 
antibody against TNFcx f37]. TNF enhances programmed 

tosis) of cardiac myocytes in decompen- 
sated ham heart. This may be SO despite the enhanced ex- 
pressi~n af Bcf-2, a ~rut~~nc~gene, which protects ceils 
frum apoptosis [38f* 

In ~~a~~ent in ~nc~~~na~ capacity is related not 
ante afthe heart, but also to a de- 

1 ~~r~ulatjun. This can be in the form uf 
reduced ~e~~h~~ ~~~dilata~~n due to end&h&al dysfbnc- 
tion and a decrease in strength and endurance of skeletal 
muscle due to the atrophy of muscle fibres. Both these ab- 
nu~~jtjes can ed by TM. 

Far examples cause endothermal dys~nct~~n by 
which, in turn, quenches 

NO. TNF by ~nd~~i~~ damage tu e~d~tbe~~a~ ce:lls can trig- 
ger pr~~~agula~t activity and fibtin dep~s~t~~~ [3 11. Further, 
TNF causes a~~~t~s~s ~~end~~~~~al c&s. TNF-induced syn- 
thesis Q~NQ in a variety ofcefls is both benefkiaf and hail 
to the body. Far example, NO can counteract the vasacon- 
st~~t~~n induced by the activation ~~s~~atheti~ and renin- 
a~g~~te~siu-~~d~ one system and increased superoxide 
anion ~rQdu~ti~~ t occurs and thus may be of benefit in 
CHF. On the other hand, NO induced by TNF may produce 
more vas~d~~atati~~ than is necessary and cause hy~otens~~n 

y be ~et~m~~tal to the patient in the long run. Thus, 
s both ben~~~~a1 and harmfi,~l actions in CHF f39]. 

There is still no consensus the exact cause for this in- 
creased ~r~du~~~~n of T’NF in lt has been suggested [28, 
3 II] that the falling heart directly produces TWF or that blot->d 
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flow red~~t~u~ causes local js~haemia and hypoxia waist in 
twn stimulates the ~a~r~~ ages to ~rudu&e TNF [t9]. The 
other interesting pussi ifjty is that in CWF there is ~~~r~as~d 
mesenterk verxous pre which amuses ~~test~na~ ~ed~ma 
and increased bowel ea~~~~~y with a ~unse~~ent rise 
increase in ~~d~t~x~n absorption from the gut. 

This increase in the circulating feveis of e~d~t~x~~ aeti- 
vates ~a~r~~hages and other cells to ~r~d~~e TNF. This is 
s~p~~~ed by the ~bse~at~~n that in patients with CMF CD 14 
levels ~indjcat~ve of e~d~t~xj~-~e~~ int~ra~ti~~~ are raised 
~~~es~~nd~ng to the elevated levels of TNF and ~a~hex~a 
[39]. Feng et al. f40] neted that in an experimental aided of 
CMF there is an elevation in the levels of an e~d~gen~~s 
~nb~hit~r of NO synthesis. It is not knt?wn whether such an 
event occurs in patients with CHF also. 

One of the endogenaus factor that has desirable actians in pre- 
serving myocardial unction and preventing cardiac damage 
is TGFP, which is ~~~du~ed by various ceits i~~~ud~~g B an 
T celfs, ma~r~~~ages, tumour cells and myuc~dja~ cells. 

In animaS studies, TGFP begins to disappear from ~~d~a~ 
myocytes in the infarct zone within 1 h of ~~rQna~ aced 
ligation. By the end of 6 h, there was ahnod no ?‘GFp in 
these myocytes [3,41]. Qn the other hand, increased Ievels 
of TGFB were fcrund in viable ~y~~~es ctf the ~~e~d~~~~ 
dial, subepi~&al and iateraf border zones. TGFP is a&vated 
by pfasmin and WFP in turn decreases the s~tbes~s of tis- 
sue ~lasm~n~gen activator @?A) and increases the s~th~~~s 
of tPA inhibitor [42]. Though ese actions are ant~~~b~~~ 
Iytic, this suggests that a feedback regulation exists baleen 
~b~n~~~~~ and ant~a~b~~~~~i~ pr~cesses~ 

TGFP er&ances collagen s~th~~s~ biogenesis and corn- 
pensatory myocardial hy~e~r~~hy. Thus, it ~~d~a~~s scar 
f~~at~~~ f~ll~~i~g myQ~ard~a~ ~~f~~t~~n and moderate the 
damaging c~ns~~uen~~s of re~e~s~~~ after rny~~ard~a~ is- 

TCFP deactivates ~e~~~~e~ ma~r~~hage hydrogen 
and superoxide anion production. TCFP can also 

en jnte~ed~ate metab~Iis~ and inhibition of TNF pro- 
on by TCFQ suggests an ~rn~~~a~t a~t~~~n~a~at~~ 

have opposite actions on ~n~a~ma- 
tion and free radical generation. Acute ~y~~ard~a~ ~~far~t~~~ 
is associated with an increase in ei~~~~at~~g TNF, the tocal 
production af su~er~x~d~ aniun and other free radicals and 
the lo& r>fcoronary vasodilatation to agents such as NQ [3, 
37,41,43]. Animal studies revealed that TNF adrn~n~str~t~~~ 
alone can mimic these changes, When given befure or im- 
mediately after experimental ~~~~na~ ~~~~us~~~, TGFP di- 
~injshed the amount of superoxide anian in the ~~r~~a~ 



It is evident from the evidence presented above that free 
5, NQ, TNF and play a significant role in the 
i~~~gy of XMD a F. Since TCFf.3 has both anti- 

and a~t~-T~~ actions, it is ideally suited as if 

e above djs~ussjon that free radicals, NO 
h as TNF, XL-l, IL-Z, IL-6 and TGFP play 

a vital role in atherosclerosis, CIPIF and myacardiaf infarc- 
e~~~~i~n in/my. Based on such evi- 
made to dgve~~p newer ~~~~a~eu~i~ 

~~t~gi~~. For ~xam~~~~ ~e~~rnbi~~~ human TGFP and its 
~~~~~~s can be tied in tie ~~a~~~t of myocardial infarc- 
tion in c~~~~~t~~~ with ~~~rnb~l~~~ therapy. Tn a similar 

rn~n~~~~nal antibodies to TNF and 
soluble forms oft rerx@xs which can ef%eetivefy neu- 

may also be considered in the treat- 
alit of CWF and rnyQ~ard~a~ infarction [36,37,4E]. IL-10 
is Kiowa to suppress the synthesis of pr~~~n~arnrnat~~ cy- 
tokincs including TNFa. fn a recent study, Yamaoka el; al. 
[46j demQnst~ted that in patients with CHF the circulating 
levels of XL- IQ and the expression of XL- 10 receptor on mono- 
nuclear leuk~~~es were higher th control subjects. They 
also rved to TNFcr tended to be 
high csnt ients with CHF. On the 
other hand, with l~~~~~ysa~~har~d~ treatment the release of 
IL- L 8 was more enhanced from rn~n~n~~~~ar leukocytes of 
patients with CMF than from control subjects. These results 
suggest that fL- ~~~~L-~~ receptor system was activated in 
~at~~~ts with CHE. Based on these studies, it tempting to 
s~e~u~atg that IL- IQ may also be tried in tha; treatment of CWiF 
along with TGFP. 

d ofthe spectrum, possible use ofdrugs that 
ynthesis and inhibit free radical generation 
ode of a~~r~a~~ in Cf-IF and other cardiac 

eu~ditiQns. ~Q~yun~turat~d fatty acids seem to possess such 
a ben~~~~a~ action. ~amrna-~~n~~~n~~ acid, ara~hid~nj~ acid, 
e~~~sa~~ntae~Q~& acid and d~~~sahexaen~~~ acid (GLA, AA, 
EPAand DHA r~s~e~tiv~~y~ can inhibit the ~r~d~~t~~~ of IL- 
1, IL-2 and TNFu and enhance the s~th~s~s and release of 
TGFj3 under some well defined ~~r~urnstan~~s both in- V~WO 
and in viva [4’1--503. These fatty acids can also jnh~bit phago- 
c~~-~nduthe~~~rn interactians and thus bring about t 
in~amrna~~~ and a~ti-ath~r~g~~~~ actions IS I & 

In addition, a recent study showed that dietary su~~~~rn~~- 
tation of n-3 ~~~yunsa~rat~d fatty acids (EPA and DHA) sig- 
nj~~ant~y lowered the risk of death, non-fatal my~card~a~ 
~nfarctj~n and stroke in patients who had my~card~a~ infarc- 
tion [52]. On the other hand, vitamin E was ~n~~~ctiv~~ Free- 
man et GZI. 1533 showed that fish oil, a rich source of E~Aand 
DHA, not only decreased IL- I pr~du~tj~~ but afso ~rn~r~v~d 
cachexia in dogs with heart faifure. 

Recently, The Ametican College of Card~~lug~ (ACC) and 
the American Heart Association (AHA) have r~~~~~nd~d 
[54,551 the option of giving intravenous gtucose, insulin and 
potassium (GK.) regimen to patients with AMI, ~s~~~ia~~y 
for tkmse who are poor candidates for t~~rnb~~~~~ therapy 
and in whum the risk of breeding is high. This r~~~~~nd~- 
tion is based on the results of several szudies w&h fuund that 
the CfK regimen was b~~~~~ia~ in 1[56-581, It has been 
suggested that GIK regimen hefps save the integrity and ~MK- 

WFa: kreases free radical gerwation leading tu decrtlase in half-life 
of NO. Damages intima and dire&y suppresses rny~~a~dj~~ and 
irtduces apoptosis ofmyocardial cells. 

,V-ffbttl; acids: Form precursor to PG13, a vasodrlntor and platelet anti- 
agpregator, enhance NO ~~~d~~ti~~. suppress TNFa and fL- 1 
productton and thus. prevent ;rtheroscferosis and pt~tect myocardrum. 
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nize the harmful actions ofT’NFcr and reverse the nutritianai I , and h~st~pat~o~~g~cal toxicity of sublethal doses of TNF in 
3” In view ofthis, routine use afthe GK regimen in 

~t~~~ts with AMI and CHF needs to be explored (see Table 
1 fur a s~~~a~~. I 

I It is aisu possible that Alaska levels of free radicals, NO, 
L TNF, IL-I and TGFP can b easured in patients with CWF 
I these parameters can be used 
I mstic ~a~ker~s~ in predicting the outcmne in them. 
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~ito~hond~a~ oxygen free 
radi~~s~ disease and ageing 

WEE QN E?JdUH ev&ed in changing 
milieu with respect to oxygen. Micro- 
urga~isms that had arisen in a reducing 

~~v~r~~rne~t~ in adapt&g tu increasing 
at~~s~h~r~~ fevels of oxygen, faced 
a new probfem - that of reactive 
oxygen species @OS) produced as a 
b~r~d~~t of narmaf metab~f~sm~. 
The oxygen male~~le is capable of ac- 
ceptirtg an additional electron to create 
superoxide, a mure reactive form of 
UxygefE 



--- 



c - 

interacts with the ~ro~$~~~h~r c luster 
N2, which ts thought to belong to either 
the 2S;kDa W KY or the B-kDa PST 
sub~njt~~~~8. The detailed mec~~isms of 
huw cumpfa I operates to trmspoti 

dectrons finked to vectoriaf pruton 
tr~s~rt are nut yet apparent, but 
super5xide production almost certainfy 
takes place: at one or both of the two 
s~mjquinone generation s ites (Ffg. 2). It 
is  likely  that roteno~e and other com- 
plex I inh~bftors increase superoxide 
and hydrogen ~ruxid~ production from 
mjtQ~hondria at complex I, possibly  by 
~~ockj~~ a s ite where semiq~jn~ne 
donates an electron to an acsct~ptor’~~~~. 

Complex tfl ~ub~qu~no~~~o~hrome c  
~x~dor~~~~t~~~ is  responsible for 
taking reducing equivalents, which are 
generated in compfexes f and If and 
cantained in ~b~~~~~~l, amz! transfer- 
r ing them tiwf.3 reactions with cyto- 
chrome 6, the ke tron-sulphur pro. 

cytochrome c, tar the final elec- 
tron acceptor ~~ochro~e c. There are 
dfso two specks of ~~rnf~~f~~~~ gener- 
ated in the rn~b~ist~~ operation of 
complex IIf (Ref. 21). The Q-c=yc le mech- 
anism proposed for the operation of the 
~b~q~ino~ ~~~hrurne c  reductase oper- 
ates as foflows. ~b~qu~nof donates one 
electron to the Rieska iron-sulphur pro- 
tein (a m~ath~~of-fnh~bftor s ite) gener- 
ating a semfqu~nun~ in proximity  to the 
outer face of the inner m~rnbr~~~ 
which then reduces the first cyto- 
chrome b haem (r>& The second 
cyto~hrome 6 haem @&I s ituated c loser 
to the matrix s ide of the membrane 
accepts an electron from the first haem 
and reduces ub~~~non~ to form 
ubisemiqu~~one and, subsequently~ wfth 
passage of another ‘etectron to form 
ubiquinol ~ant~rnyc~~ ~~nh~b~to~ s itejz l 
(F ig. 3). The two inhibftors ~tim~~in 
and m~thi~ol~ however, aft hough 
they inhibit complex III electron trans- 
port equaily, have dramat~c~~y different 

effects on superoxide produ~t~o~* 
chocking electron passage out of cyto- 
chrome b, prevents the sern~q~~~o~e at 
the Q , s ite from donating its  e~e~tr~~ and 
so, inhib~tjon with ~timyc~n ~rudu~e~ a 
Xenfold increase in s~p~ro~de produc- 
tion from complex tfli (F ig. 3). ~~bjbitio~ 
by rn~ath~azo~ produces little or no in- 
crease in super~x~d~ ~~~~at~o~ because 
it prevents ~b~semjquinone fnr~~ation at: 
the cytosotic  s ide uf the inner rnit~~o~~ 
drial membran~z~,~3. The results  of care- 
fuffy examining the efficacy of var ious 
complex ffl inhibitors an su~~rox~de pro- 
du~t~on in isolated whofe mi~o~ho~dr~a~ 
compared with 
m~to~hondr~~ p ick!3, also suggests 
that there is  a s idedness to sup~ro~de 
~rodu~tion~3. That much of the supcr~x-  
ide produced by the respiratory chafn 
under physio~og~~~ conditions is  gener- 
ated at the matrix s ide of the membr~e 

the presence of 
501) in the mito- 

chondrial matru e comparatively  

3a CQnt~njng MnSQD 

tion by m~tu~hondr~a are s ignj~jcant~y 
increaseda. 

Under normaf c i~c~rns~~~ce~~ 
of generation of s~perox~de fro 
chondria is  rather low and does littie 
damage, s imply because It is  effj~ient~y 
removed by the s~pe~o~~e dismutases. 
~Qwever~ ~i~~~rnst~~~~ can arise 
var iety of r~ons (e.g. fng~t~ c  
cals  that act as radical ~pl~f~~rs~ 

~snen~yrn~ of aconitase evident after 
exposure to super-oxide results  in the 
release of ser ious ions and also sets in 
motion an important regulatory mecha- 
nism: the d~~t~v~te~ enzyme becumes 
a binding protein for the m~A for 
fe~r~~in~ pru~ong~ng its  b~f~~~fe and 
ensuring increased fewrttin s~t~~~~ to 
bind free ironz3, The damage to other sys -  
tems such as mit~hond~a~ a~o~it~~~ 
complex 1 and succ inate dehydrog~~~e~ 
which also have irn~~~t functional 
~r~~~~~phur centres, b very pm- 
pounced in ~~~~~ ut mice, 
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where s~~~r~~d~ produced in the mitt+ 
chondrja is rtat removed by the Norman 
m~~h~isms~4t~~. Damage to these en- 
zy~~es by s~~er#~de und~ubt~dfy im- 
pairs the nQrma1 f~n~ti~nin~ of the citric 
acid cycle. This, c~rnb~~ed with the re- 

g reactivation of electron trans- 
processes, then results in disor- 

d m~ta~ljsm with lack af 
ATP generatjun~ leading 

to increase fXUX from gliucose to lactate, 
These mice develop lacltic acidaemia, 
cardiomyopathy and dege~~ratj~~ of 
the b3saf g~glia~ m~mi~kfug many of the 
s~ptoms seen in chjjdren with genetic 
defects d the respiratory chain2*vE. 
flout t~~sgenlc mice lacking 
CerZnSOD slowly devebp a neurunaJ ax- 
~u~~athy~ but are not affW.ed at birth 
with the severe phe~ut~~c changes evi- 
dent in mice liddng MnSOD, which sug- 
gests that either the mit~h~udr~a are 
mare susceptible to damage from super- 
axide or that qu~tjtat~v~~~ lntramito- 
choudrfaf super&de production is more 
jrn~~~t. on the other hand, ~05~~~~~0 

fa&iug ~~nS~~ have a short fife spar5 

* 

djQmyopathy with cataracts pz) and 
fatat inf~tjle lactic acidosis ~~~z~. A 
more detailed f~v~tigati~n showed that 
the patbents who had the Widest symp 

artd CD) were less likely to 
nS~~ above the basaX levels 

no~311~ seen in f~b~~b~~t~~ whereas 
patfertts with severe defwts CCC, LD, 

which were ly fatai, always 
f~vatiuus of ET fRefs B,27). 

Some patjents with mild symptoms 
showed rn~ked~~ increased superoxide 

the excess of ~yd~~ge~ perodde gener- 
ated in rn~t~~h~~~~a. High ievels of the 
damaging hydras radical wefe demon- 
strated in -cell tfnes with increased in- 
ductkm of ~~~~ (Ref. 28). Thus, a sfs- 
quence uf ev~ts resulting in severe 
pro&ems could be: (5) a genetic defect 
in complex i; (it) Emprupr complex as- 
siemb& QX assembly of campfex with ab- 
nurmd properties; (iii) d~v~~s~u~ of efec- 
trons to brm increased amounts of 
super&de; (iv) induction of MnSOD; 
(v) increased fmmation of ~~d~~ge~ 
peroxide from superoxide via MnSOD; 
or {Vl) tr~sf~rma~j~n of hydrogen per- 
oxide to hydroxyf radicals via the 
Fenton reaction or other mechanisms. 
Although these abnarmatities have so 
far been investigated anfy in tissue WI- 
ture, this gives a framewurk for future 
ciinicaf jnv~t~gati~n. 

Another disease that involves misdi- 
rected oxygen free radical metabolism 
occurs when mutations in CuZnSOD pre- 
disposing to amyutraphic tateral stlera- 
sts (AiS) are present? ~th~~gh on& a 
small proportian of palicents wtth ALS 
#we such mutatjun5, thefr etistence 



n fife span and (Q expression of 
~~n~U~ Qtefs 31,3&l, (I> basd meta- 
bolic rat@, (iii) m~t~hundr~al produc- 
tion% and Qv) m~t~hond~~ hydrogen 
s~~r~~de pr~~~t~u~~~ are cum~lling 
in ttiat they suggest that arrlmaIs with 
more rapid rates of basal metabu2ism 
have faster rates uf MIS ~rud~~tion and 
a shorter life ~=parP~~~, There is strong 
evidence that damage to proteins and 
EX4A is ctimulative wit 
tations and deletions, 
~hond~al DNA, are 
in the aged compared with the young of 
most specify. In add~tiun, caloric re 
drktfon in mice has the ekct of lower- 
in rates of meta~fism resulting in 
a fkk span and preserved m&e 
506 

chondriaf resf3iratory activity3t”. AH of 
these data can be inte~~t~ as indicat- 
ing that life span is tnfluenced by rnt~~~ 
d&Suns and mutations ac~~m~~at~ 
through expsure ta oxygen free radical 
damage, and that this is a fundfon of the 
jnd~geno~s rate of electron transport me- 
diated by the f&d el~tr~~~r~s~~t 
complexes and the mobile electrun-trans- 
port intermural ~b~q~~no~~~~5. The 
faster the rate of metabolism, the faster is 
the rate of efectrun t~~~~ and the rate 
of g~neratiun uf superoxide, feading to 
free radicstf damage tu proteins, fipids 
and DNA by superoxide or tts dawn- 
stream reactive me~~lttes” Cells be- 
come damaged when subject to such 
‘oxygen stress’, ii wcvd that can be used 



es would, by ~~c~sf~y~ reduce 
e and tb~ref~re might zlctuaby pro- 

Img lifespan 41, ~thQugh this was shown 
to be true fur 5vere~r~ss~on of 
C~nSUD in frMitf~i~~~41, experiments on 

been d~sap~in~ing 
escnce of increased 
e the as catalyzing 

more efficient removal of superuxide, 
leads to morttl rapid s~thes~s of hydru- 
gen peroxide, whfch itself can be damag- 
ing, Thus, t~ansg~nic ~~s~~~~l~ with in- 
creased expression of ~~~~~~D did not 
show increased life span, unless accom- 
panied by increased expression of cata- 
lase to remvve the hydrvgen peroxide. 

I ~ru~~d~r~s prv- 
life sp%I by -40% 

ither increased CuZnSOD ex- 
pressed in afl tissues or ~~~ffn~d to the 
central nervvtfs systemB~41. Xn mammats, 
~~~re~~d fife span by transgenic modu- 
~atiun of levels of superoxide dismutase 
has nut been obs~r~ed4z143~ Xncreased 
~r~d~ctiQ~ of hydrugen pervxide in the 
cytasvlic ~~m~~rtrnent vr perhaps sub 
sequent ~r~~~t~on of OH radical by the 
~~~tun reaction has been theorized as 
~ng r~~ns~b~e for ma~ng the 
~~n~~~~er~~r~sing mice more 
s~sce~~jbf~ to rad~atiun, infection and 
other stresses@+@. The ~ver~xpr~s~~~ of 
knead in cr.&red rat gliama c:efls made 
those c&s more sensitive to damage by 
ra~iat~~~ and ~~~~ug~~s~~~46, whereas 
~~UD uver~~r~si~n in mouse heart is 
protective against adr~amy~in-ind~~ed 
~~rdi~to~~ft~~. Clearly overexpression 
of s~~ru~de disnotass is as probfem- 
atic a5 ~~der~r~i~~. 

That oxygen free radicafs can can- 
tribute in sume way to the ageing pro- 
cess Is s~gg~t~d by a. number OX ex- 
p~r~ment~f observations, as discussed 
above, However, the rn~~rn~rn variance 
in mammalian systems that can be 
elicited from manjp~latiun 0f oxygen 
free radicatt ~rvd~~t~~n is an extension 
of fife span of ~4~~36.4g.4~. Clearly, the 
role of ROS in ageing needs to be put 
into context wjth respect to other mech- 
anisms that are #mown to be connected 

fife span, part~~~f~rfy the phe- 
erm of tefomere shurten~ng with 

age. Telomeres a~ long stretches of 
tandgm~y arranged TFAGCG repeat 
structures flanking the ends uf each 
cbrumosome* which are necessary br 
s~~cessf~~ r~p~i~atiu~~. ~hor~~nin~ of 

tefameres occurs by removal of 
peat sequences in a r~g~~~t~d fashion at 
every cell division 50. Repeated celt divi- 
sions are possible until the extent of the 
telvmere shurtening reaches a fimit50*S1. 
At this point, profif~rativn is no longer 
possible, growth arrest occurs and cefls 
gu into a senescent mode. As a result of 
this prvcess, there is a strong assuci- 
ation between the number of DNA re- 
peats present in the tefumeres and the 
age of the fnd~~~d~af or the comber of 
cell di~~siuns that have been experi- 
enced in a cell, culttrreS”-s3 (I’@. 4). 

The number of repeats present in a 
newborn of any species is not a f~n~tjo~ 
of longevity of that species. That is a 
function of how fast the cells divide and 
how much tel5meric shvrt~~ing occurs 
per unit of time. tt is a fact that telumere 
shurt~ning seems to occur In finite in- 
crements of t&mere DNA removaf per 
unit celf division, but this c~utd be gay- 
erned in some way by the m~tabvl~~ rate 
sf the organjsm, or it could be influ- 
enced by oxygen free radical ~rvdu~tiun 
from mftu~bondr~a. Human skin fibzo- 
blasts treated with D~A-af~fat~ng 
agents or with hydrogen peroxide were 
examined for tefomeric damage. 
Although DNA damage occrrrred with 
both reagents, the al~fating agent dam- 
age was quicfdy repaired, whereas that 
induced by hydrvg~n pervkide was 
nvt5E”3. Thus, the tefQm~re f~ngth was 
reduced significantly by peroxide 
induced damage, suggesting that ROS 
activefy attack telomeric DNA and cause 
increased sburten~ng, as DNA loss from 
the t&omens was increased from 30 bp 
per cdl do~b~~ng to as high as 90 bp per 
elf do~b~jng~~~~,~. What is most cun- 
vincing is that the telumeres are radi- 
calfy shurtened in the premature ageing 
syndrome uf progeria? ~thu~gh the 
primary genetic cause of this disease is 
not known, it has been observed that 
cells from progeria patients have few 
teveis of primary antioxidant enzymes 
such as g~~tathivn~ peruxfdase, again 
suggesting a link between oxygen free 
radicals and the ageing processs5. 

AlI of this evidence points to a basic 
age&g mech~ism, gayerned by tefomere 
sb~r~~n~ng, which can be m~d~fat~d by 
the lifetime production rates of oxygen 
free radicals. The mecb~nism of influence 
seems to be mediated through frag~fity af 
the tefomerk sites ~r~isposing the DNA 
to single-strand breaks and other dam- 
age. M&en reactive oxygen sp%ies are re- 
s~unsib~e for such damage, the breaks 
cannut easily be repaired and telomere 
shortening is acceferated’“7s (Fig. 4). 

Dietary r~t~~t~on or mild hypati& hotbed 
by reducing overall electrun fiow thru~gb 
the respiratory chain or by d~~~~~~~ 
the amount of oxygen available to react 
with semjq~in~n~, cc&d cause deeelera- 
tit-m of t&mere sh~~~~~~g and thus ex- 
tension of Life span. ~~t~rferen~e with 
~b~~u~nQ~e synthesis in svme ~rga~~s~~, 
as demonstrated by the C ~~~~~ff~ elk-1 
rn~t~ts, would be expected to cause a 
~~~~tion in ~b~s~rniq~i~o~e levels, a re 
du~t~o~ in m~tu~h~nd~~ supervxide pra- 
dudion and a subsequent de~efera~~un uf 
sh~rt~n~~g and increase in life span@. 

The ~~d~r~tanding of this refation- 
ship b~tw~~~ mi~~~hundrja, free radical 
production and the rate of ~~~~rn~r~ 

teni~g Is at an early stage. A new 
d of experimental work is ~~~d~d 

to explain the exact nature of these refa- 
s betw~~ rn~to~h~~dr~al meta- 

boljsm, rn~to~ho~driaf free radical pro- 
duction, basal metabuf~~ rate, rn~D~A 
rn~~at~o~s and def~t~ons~ telomericl dam- 
age in ~hromus~mai DNA and the whole 
complex process e,f age~~g~ 
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and the ~edi~af research Councit of 
Canada. 



- 

1 

f c- f 



t 







t4* 

J5.. 

t4. 

17. 

f$* 

19 

;;o. 

31. 

22- 

23. 





t 



. f 



. 1 

CR 



6 

I CA 



63 



* 

* 





3. 







ante of lipid~d~~ived rn~lu~di~ld~~yde 
in diabetws metlitus 

~al~~d~a~dehyde ~~~A~ is a highly toxic by-product 
formed in part by lipid oxidation derived free radi- 
cals. Many studies have shown that its concentration 
is ~~~~ea~~d ~o~~iderab~y in diabetes meflitus. 
~a~o~dia react irreversibly and revexs- 
ibfy with and holi~id~ with profound 
effects. In ~art~~u~ar, the colXagen of the cardiovascu- 
Xar system is not only st ened by crass-links mediat- 
ed by ma~ond~a~dehyde t then becomes increasing- 
ly resistant to remodel1 It is important in diabetes 
melfitus because the initial mod~fj~at~on of collagen 
by sugar adducts forms a series of glycation products 
which then stimulate breakdown of the tipids to maf- 
o~d~a~dehyd~ and hence further cross-linking by mat- 
ond~a~d~hyde of the already modified collagen. Some 

ress is being made into the me~han~~rn~ of forma- 
tion and the nature of the j~t~rmo~~cular cross-links 

induced by ma~ondia~dehyd~ which result in t 
ening of the collagenous tissues. Our recent studies 
indicate the furmation of pyridyl cross-links. 
~a~ond~a~dehyde has been shown to react several or- 
ders of magnitude faster with the pre-existing caf- 
fagen enzymic cross-fG&s than the amino acid side- 
chains. ~a~ond~ald~hyd~ modif~~at~o~ of basic ami- 
no-acid side-chains al esults in a change in proper- 
ties, for example, in charge profile of the mofe- 
cufe resulting in modified tsefl-matrix ~ntera~tio~~. 
Although aspects of the bi m&try of rna~o~dia~- 
dehyde are still not fully erstood its ~o~~~ex 
chemistry is being unravel1 and this should lead to 
ways of preventing its damaging reactions, for exam- 
ple, through antioxidant therapy. ~~iab~to~og~a 
~~QOO~ 43: SSO-5571 

~a~ondia~dehyde ~~~A~ is generated by both lipid 
oxidation and as a by-~~od~~t of pro~taglandi~ and 
th~omb~xa~e synthesis- fts pEasma ~o~~~ntrat~on is 
in~~ea~~d in diabetes mellitus and it is found in the 
ath~ro~~~erot~~ plaque deposits promoted by diabetes 

IIt is also found in Alzheimer’s disease 121, with ef- 
cts that extend far beyond the lipid field. 
Oxidation of complex lipids in viva is Xarg 

by oxygen-derived free radicals (OFR) su 
These radicals are formed by lipoxygena~e~ as a re- 
sponse to celt injury, ty~~ca~ly from I-&O,, or a metal- 
ion radical complex. The major targets of these dam- 
aging species are the long-chain ~olyu~~at~rated fatty 
acids of ceflular ~~ospholip~ds~ which are particularly 
prone to attack because of the arrangement Q# double 
and single bonds. The resultant lipid peroxide fre- 
quently decomposes to a radical [3], which reacts with 
most biologicaf molecules, including proteins and lip- 
ids. Further de~urnpu~it~o~ of these Xi 
produces toxic afdehydes, in particular 4-~ydroxyno~~ 
enal (mainly from hnoteic acid) malondia~dehyd~ 



~rn~i~iy from ara~hid~ni~ aci 
~h~se suurces are riot yet fully char 
liver eli~~at~s MDA from the ~~r~ulati~n by the at=- 
tion of ald~hyd~ d~hydr~g~nas~ and thiakinase such 
that injected MDA has a half-life af approximately 
2 h in rats, but some (lQ-3W%) must bind semi-perma- 
nently to proteins as it is not eliminated within 12 I-t [S]. 
The toxicity of MDA arises frum its high reactivity, 
parti~ui~riy towards proteins and DNA. 

alder normal circumstances the extent of lipid 
~xidatiQn is large& contrafled by antioxidant coacen- 
trati~~ in the ~~~~~nding medium which is usually 
sufficiently high to prevent r~~agati~~ of oxidative 
free radical reactions by QFR in blacrd. In tissue, 
there is, however, a greater lik~l~h~~d that focalised 
d~~c~~nci~s of ant~~xidants would allow lipid uxida- 
tion tu occur. This has led ta a huge interest in dietary 
anti~~dants and their ~r~t~~tiv~ role in cardiavascu- 
lar disease [7X* In addition to OFR, glycated collagen 
has also been shuwn to increase the oxidative break- 
down of lipids compared with normal collagen [8] 
whkh is one ~x~lana~i~n for the increased cancentra- 
tions of MDA in serum and tissues in diabetic sub- 
jects. 

The majar carrier of lipid in blood is low density li- 
p~pr~~~i~ (LDL), a po&nt risk factor for coronary 
heart disease: (CHD). When sufficient MDA modi- 
fies the protein ~a~~li~~~r ein ISlOO) af circulating 
LDL, it na langer reacts wi the normal LDL recep- 
tor in hepatic and peripher ells, but only with scav- 
enger receptors of rna~rQphag~s [9X. Thus, if less than 
12% of lysine side-chains are modified, the CDL is 
still r~~~gnisabl~ to its receptor. If more than 15 % 
are madified, however, only the scavenger receptor 

erial intima be- 

reduced blood flaw [ll]. This is a major cause 
and strokes. ~al~ndiald~hyd~-IDYLL in addi- 

tian. to oxidise;d IDI., (oxLI3L) mediates several pro- 
mat~ry and ~r~~ath~rQg~~i~ prscesses, all of 

wbi~h ultimately lead to foam ceil generation &!I. It 
is important to real& that the term “axidised LDL” 
has habitually cume to be recognised as any LDL 
with some degree of modification caused by lipid per- 
oxidation and ean range from the so,-called minimaliy 
modified ~r~d~~~ which can be recognised by the 
LDL receptor to the fully rn~difi~d protein which is 
re~~gn~sable only to the scavenger receptor on mac- 
rQ~~ages. ~al~ndiald~~yd~ is a major, but not the 
only, modifying agent and has been used frequently 

nd for making in vitro “ox LI3L”. 
also reacts rapidly with other 

protei~s~ It has been shown tu cross-link tsovine se- 
rum albumin to form dimers and also modifies 

ucts diminish these proteins’ susceptibility to prote- 
ses and they are formed Mach when the pro- 

tein is already glycated by suga ]e These m~di- 
fied proteins are targeted by ants es and removed 
from the bloodstre;am, M~lundiald~hyd~ can also re- 
act with IX%%., having been s own to be both mu- 
tagenic and carcinogenic. 

Our awn particular interest is the high reactivity of 
MDA with the lsng-lived proteins of the vascular sys- 
tem, collagen and elastin. Due to the slow turnova- of 
these proteins in the ~xtra~~llular matrix and the 
crystallins of the eye, this eventually becomes a prsb- 
tern as they became cross-linked and resistant to pro- 
tealysis. We have shows t 
ing of the aortic ~~llag~~ 
stiffening of the aorta af 
larly, the physical prope 
creased stiffness and a luss of basic gr~~ups 
sequent ~~nf~rmati~nal ~~a~~~g~~~nt~ 
precise mechanisms are still not clear, ~n~~ura~ng 
new biu~h~~~al studies ~hara~t~rising the nature sf 
the additional MDA adducts and crc~s-links resgr>a- 
sible for the changes in properties af the aorta. 

In this review we summa~s~ the effects of &IDA 
on collagen in relation to the cardiovascular system 
and the finding sf a potential biomarker sf lipid-de- 
rived oxidative stress which could lead to the identifi- 
cation of possible treatments. ~al~ndiald~hyd~ is a 
potential major candidate for the del~t~riQus effects 
of Gr~ss~link~ng and side-chain modification of the 
collagen of the vascular system. Its reactions with cd- 
lagen are only now beginning to be unra~ell~d. 

~al~ndiald~hyd~ is a white hygr~sc~pi~ c~stallin~ 
compound and is typically obtained by acid hydroly- 
sis of 1~~,3~3-t~traethuxy~r~~ane 1191. Radi~a~~i~~ly 
caballed 14C-MDA can be prepared from 13-pro- 
~a~~di~l using alcohol d~~ydr~g~nase 
mare stable in plasma than might be expected bc- 
cause it enolises readily, losing a proton at netxtral 
pM to form a salt (Fig. I). Its reactivity is therefore 
very dependftnt on PI-I, 

~al~~diald~hyd~ is used as a putative marker af lipid 
oxidation bath in plasma and in arterial lesions. 
There is now substantial evidence thaf, both ox-LDL 
and MDA occtfr in the a~h~r~s~ler~tic plaque. 



s reactive, a~thv~gh simple and r~~r~d~~~b~e~ is 
~~~~at~~y rather non-specific because thiobarbi- 

turic acid reac%s with many ctther &arb~ny~~~untain~ng 
~vmp~unds. plasma fatty acids can also uxidise dur- 
ing the 95 “G heating step with th~~barbitur~G acid, 

art~f~Gia~~y high results 122, 231. The use 
~~nt~~ning plasma and high performance 

matv~ra~hy ~~u~~ed with post-column 
t~i~barb~~ur~G acid d~r~vitisat~~n can, however, iden- 
tify the spe~~fj~ mal~nd~a~dehyde-thiub~rbitur~e acid 
complex, ~rv~~d~ng a relaxant assay for MDA in bis- 
logical fluids [24-26], 

~jth these ~r~~a~t~uns~ normal c~~centrat~~ns of 
MDA in plasma have been shown tv be in the range 
~~~~~.~~nG~n~ free MDA alone are as 

low as 50 nmofll chemical wurk suggests 
that at least 80% is protein-bound. These 
~~nc~ntrat~vns are increased in diabetes mellitus 
where hy~ergly~aem~a is known to accelerate i@id 
~x~dat~~~ [28], parttially explaining the increased risk 
of atherosclerosis. 

~~~~~Q~Q~~cu~ ~e~~re~~~~. The presence of both 
ox-LDL and ~~A-L~L in the c~r~~~at~~n is diffi- 
cult to ~~nf~~ directly although autuant~b~d~es to 
ox-LDL have been shown in plasma and can give 
an indirect measure. Evidence reviewed recently 

sts &at the rela n between circulating vx- 
a~t~ant~b~d~~s a risk of cardiovascular dis- 

ease is ~nc~~~lusi~e [29]. ~x~d~sed-L~L will inevita- 
bly be a mixture of subunits with different levels of 
~x~dat~~n or MDA cvmpfexes or both. Assays to de- 
tect aut~a~t~b~d~es to ox-LDL only react with a spe- 
cific antigen- For example, aut~ant~~~djes to other 

rms of ox-LDL will not necessarily bind MDA- 
prepared in vitro. An addjt~ona~ ~~rn~~j~ativn 
t aut~antibvd~es to ox-LDL already compfexed 

with vx-LDL ~~rnrn~ne ~orn~~~xes~ have also been 
detected in the circulation vf diabetic patients [30]. 

ecause the complexed aut~ant~b~d~es tu ox-LDL 

A 
Fig.ZA, 8.L Reaction products of MDA with (A) Lysinc and 
(3) arginine 

cannot react wit more aut~ant~b~d~ this could lead 
to a falsely low assessment of ax-LIZ antibody sta- 
tus when assayed by the c~nven~a~ ELK%. metho 
It has atsv been suggested that a~tvantib~d~es whi 
bind MDA-LDL trigger autoimmune responses [IS]. 

~~~~~ reactions wi& amdno a&&. At neutral pp-X, 
MDA hydrolyses to acetaXdehyde and formic acid 
over a few weeks, 8 reaction that is catalysed by the 
presence of amino acids snch as lysine OX+ argrnine 
[32] but at the same time forms addacts with these 
amino acid side-chains. These basic amino acids are 
the vnly vnes whuse side-chains react with MDA to 
form adduets. The c-amino grvup of fysine reacts 
with MDA to farm the semi-stable ~E-~-lysy~-am~nu- 
acrofein fa-LAA) (Fig.2A), [I!& 331, whereas argin- 
ine reacts roughly an order of ~ag~~~~d~ sfower to 
fm=m the stabXe Nb_fZpyrimidy~)-L-ornithine ~~~~~~ 
(Fig.2 b) f34, X5]. The side-chain of cysteine reacts 
with axidised fatty acids but not djrect~y with MDA 
[Sfi]. Schiff bases fvrmed between MDA and tryp- 
tophan or histidine are much more stable than J!?- 
LAA [33], 

~eG~u~~s~ of ~Qr~~~~Q~ of ~u~e~~~~~ mudet CrQfS- 
links. ~alv~d~aldehyde is best viewed as two entirely 
different mcllecufes depending on the @I-%. For exam- 
ple, at a pH below its @a MDA reacts with Iysine 
tv give firstly P-LAA, then 1,3-di(N”-Xysinv)propane 
(LML) (Fig.3) which can be isolated after s~d~~rn 
borvhydride reduction vf the Schiff-base adduct of 
two blvckcd fysine mvlecules and MDA [37]. When 
either the concentration of MDA is fvwered to physi- 
ological levels 1331 or when the pi3 is neutxa 
LML is, nat observed unless high ~~~~entrati~ns of 
sodium borahydride are present in the ~~~lysine 
mixture 113) 



product of iysine with MDA, /?-LAA, can, 
h r7 reset further with another molecule ef 
MDA and a molecule of a~~tald~byde (derived from 
MDA breakdown in vitrq but present in serum) to 
fan a stable ~uQres~ent produet, ~-lysyl-4-~ethyla 
2~~-dihydrupyridine-3,5- baldehyde (NLMDD), 
(Fig.3) [I!& 31,32]. The hyde side-chains on the 
stable d~hyd~~py~d~e re then capable af fur- 
ther reattains with lysine to form a reversible cross- 
link Such an ~~~g~rn~~~~~~a~ cross-link wauid 
stiffe e collagen fibres of the aurta or vascular lc- 
SiCXkS , 

whether this cross-link reaction occurs under 
~hy~~~l~g~cal c~~d~~~~~s is a.31 to be established. ft is 
puss~bje that other plasma components could react 
in place of the wxnd MDA and ~~~t~ld~~~d~~ for in- 
stance, fumarate, 4~~ydru~yn~n~na~, acrolein, sugars, 
and various Maillard intermediates from the reaction 
of sugars and proteins, 

~~ure~~ cr~ss~~~~~~~~. ~a~~ndjaldehyde has been 
shuw~ to ~r~~s-~~~k proteins by mohxular weight 
changes and visuaffy, for example, after a short iacu- 
bating with NDA rat tail tendan becomes rigid. The 
collages becomes ~~s~l~b~e after only 24 h and the 
formation of ~ntermul~~~~ar cross-finks is shown by 
tb~rma~ isometric tension studies and differential 
spanning cahximetry (Fig. 4). Pofyacrylamide gel 
~~~~tr~~h~r~sis and ~~~~rn~ ~~r~mat~graphy have 
~~~~~usive~y shown, by the increase in molecular 
weight, that protein crass-links are formed after reac- 
tion with MDA, at least for RNase [I?], cx-crystailin 

and soluble caXlagen (Fig. 4). 

The adducts generated on ~~~~bat~~n of p~~te~~ 
with MDA Qecur essentially at random alung t 
tein chain, pr~v~nt~ng any direct analysis by nucfear 
magnetic resonance or other sp~ctr~s~~~~~ method, 
Xn an attempt to isolate these potential cross-links 
we have found that acid ~ydr~~y~is rest&s in 
down of any potential MDA crass-Xinks. So far, devel- 
opment of an efficient enzyme hydr~lys~s procedure 
that reliably breaks down glycated collagen to indi- 
vidual amino acids and cross-finks has been unsuc- 
cessful. As a result, the only method used 
to date is the stabilisation of some of the 
sodium b~r~hyd~de reduction fuXIawcd 
drolysis to achieve separation uf the individual prad- 
ucts. Using this technique, P-LAA has been shown 
to react with fysine from RNase to farm an imido- 
propene cross-link as LML [ES]. Such a Britain 
crass-link in the Schiff base farm could easily hydro- 
iyse at neutral pI-5 to release the lysines and 
There was, however, no hint of its presence in model 
fysinc-MDA reactions anafysed by nu&ear magnetic 
resonance and it is unlikely that the p&AA-Lysine 

with LML would shift s~ff~c~ent~y ta- 
L to favour its formation in proteins, Xt is 
probable that its detection is an artefact 

generated by the sodium b~r~hydrjd~ reduction. 
Other similar investigations with bovine serum albu- 
min and collagen using smaller quantities of sodium 
berohydride (but still in vast excess) have nut result- 
ed in the isolation of this link [15,lsl]. This could be 
because the conjugated TT: system in LML and j?- 
LAA is hard to reduce, requiring considerable quan- 
tities of reducing agent for successful reduction. 

The most stable lysine product characterised in 
ehemicaX wurk as a potential cross-fink is the dihy- 
dry-pyr~d~ne derivative, NLMDD fFig.3), which is 
also vulnerable to acid hydrolysis even after redue- 
tion with borohydride [34]. Far this reason it has not 
yet been isolated from proteins treated with MDA. 

Effect of MDA on &e ~~~-e~~~~~~~ collagen cross- 
finks. Ctlflagen fibres are stabifised a series of iy- 
sine-aldehyde cross-links /38] and su isingly our re- 
cent work has shown that MDA reacts with these nat- 
ural coffagen cross-links orders af rnag~~t~de faster 
than lysine [34]. Presumably MDA cleaves the natu- 
ral Schiff-base cross-‘finks by competitive reaction 
with the lysines and then forms a new ~nterrn~~~~ul~r 
cross-hnk. ~~nf~rt~nate~y they again form ‘putative 
cross-links’ that are rapidly degraded by acid hydrol- 
ysis as shown by the absence of the C-14 label in thr: 
products after incubation with C-14 MDA [34], hence 
the nature of these cross-links is stiff to be explained. 

In summary? despite the evidence of increasing 
malecular weight no cross-link derived from MDA 
has been isalated and character&e& A p~te~tja~ 
product has been ~d~~t~fied ~~LM~~) but not the fi- 
na! peptide bound product ta confirm its role as a 
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~~~ss-~~~~. ~t~d~~s to date s~ggf=st that MDA moss- 
links are labile and are d~strQy~d by acid hydrolysis. 

It has been shown t at MDA will form cross-links 
such as LML when the pll. is ~p~~~xi~at~ly five or 
less, but there is no cu~v~n~~~~ evidence that it OCC’ELX”S 
at the higher phys~~l~~~~al pH, where NLMDD and 
@-LAA are favoured. It has, however, re;t=ently been 
s~~~~st~d [39] that acidic c~~~t~~~s prevaiE in the im- 
mediate vicinity af the foam celX lesions seen in early 
atheruma~ Such ~~~d~ti~~s coufd support the furma- 
tion uf the di-fysyl d~~ivat~v~. 

It could be sp~~u~~t~d that NPQ reacts with fysine 
a~d~hyd~ present ia collagen te> farm new cross-links. 
It is self-evident that the faster reaction af 
proteins with MDA [x6] must involve more 
lysine of: axginine and possibly a ma&on wit 
isting MDA adducts such as NPO. 

Similarly, the MDA-lysine adduct, /9-LAA, has 
been observed as a reduction product [40] and COUM 
be an epitupe remgnised 
as a target for eEiminatian 

The terminal a-amino 
also been shown to react with MDA in a manner sim- 
ilar to the ~-amino group of eptide bound fysine, for 
example, the valine N-terminus of hae~~g~~hi~ [IS], 

~~d~~c~~~~~ u~~~~~-~~~~~~ ~~~~~~~~~~~~. The reactions 
with the side-chains of pr~t~~~-b~u~d Xysine and argi- 
nine possibly not only affect the functions of collagen 
by making it less susceptible to degradative e~~~~~s 
but ~oufd result in the formation af addurrcts that 
change the charge profiif: of the rnaieeule and affect 
collagen-cell interactions. This effect waufd be partic- 
ularly important if the particular arginine residues re- 
acting with the MDA to form NPO axe sites recognis- 
ed by cell surface integrins, such as, the argini~~-guys 
tine-aspartic (RGD) sequences. Pr~~i~~~ary investi- 
gations have shown that MDA-callagen affects both 
the ~~r~h~~~gy and expression of the cefXs ~u~~~~~ 
lished ~bse~at~~~s~. The response is similar to that 
reported for the reaction of glyaxat, which has been 



shawl to react fairly Spe~~f~Ga~~y with arginine in col- 
lagcn to form ~rn~da~Q~~~es w~~~~ block arginine con- 
taining ~~t~g~n sites (e, g. argin~~~-g~y~~ne-~s~artic~ 
and tead to decreased adhesion and migration of celts 

the reaGtio~ o;f nucleotides with 
salated and characterised (Fig* 5). 
human cefl cuftures SO that de- 

A is three to six times normal has 
ce ceil cyde arrest 1421. Two sepa- 

rate grwps report isolation of de~xyguanos~ne~~~A 
from rodent fivers f43,44]. All the non~eross~~ink~~g 
~~A adducts so far described disrupt base-pairing, 
and any ~~A-~~A cross-link could easily cause 
the observed rn~tag~n~G and carcinogenic effects of 
MDA. ~atever the actual reactivity MDA has with 

A, repair systems must be present to recognise 
replace it, as it has been shrtwn that deoxygua- 
ne-MDA (Fig-4) is present in urine f453. 

xe is confusion due to investigations of 
r~a~t~o~s being carried out at a different 
orescence generated from MDA-DNA 

reactions at neutral pI-l has been attributed to DNA 
gross-dunking but these studies were carried out at 
pH 5 and involved rna~y’pr~~~ss~ng steps before the 
final isolation of deoxycytosine-MDA-deoxygua- 
nosine [46]. 

~n~ubatjon of the MDA analogue ~-ben~y~oxya~- 
ith calf thymus DNA at pM 6.5, has been re- 

L 
to produce two adducts, d~~xyg~anos~n~- 

MDA and d~~xyadenu~~ne-~~A [47]. Cflemicalty, 
MDA: gua~osjn~ adducts have been reported at ra- 
tios of 1~1 at pH 4.5 1481 and 2:1 at pM 7.0 [49], 

F’igcB. Proposed schematic ~atb~ay iof MDA er~ss”~i~k~~g and 
side-chain rn#d~f~~ati~~ of ~a~d~~vas~u~~~ ccrtlagen in diabetes 
mellitus. The glucase glycated calfagen stimulates ~x~dat~~~ 
of Lf)L producing MDA which then cross-links the collagen, 
stabilising the collagen and rendering it susceptibfe to further 
gfycadon and increased oxidation of the LDL and Fr#du~~~g 
more MDA continuing a cycle of events 

analogous products for cytosine. Ad- 
have also been reported fur MDA:ade- 

nine at pH 4.2 [XI] (Fig.5). BiologicaX ~r~ss-~~~ks 
have, however, only been isolated using extensive 
borahydride reduction 1461 which as described a 
has been questioned. Tht; conclusion enforced i 
there is almost certainly DNA-MDA cross-finking to 
some degree but no concrete data or consensus on 
its nature. 

The inter-molecufar cross-linking of coitagen through 
MDA is important in ths: late G~mp~~~ations of diabe- 
tes melfitus because it c~~tr~b~tes to the st~~fen~~g af 
the Card~Qvas~~~ar tissue, although the nature 
cross-link rema’ to be determined. In addi 

tween glycatim and fur-the 
tabi~~sat~o~ of long-lived ~r~te~~s 

such as collagen through MDA Gross~~~nk~~g not 
only reduces its optimal fun~ti~~~~g but redu 
already low turnover and consequently allows f 
glycation by glucose and its oxidation product 
in turn increases the potential of the glycated co& 
lagen to initiate further oxidation of fatty acids re- 
leasing mare MDA and thereby ~r~~agat~ng a p~si- 
tive feedback cycle of protein and fatty acid damage 
(Fig. 6). 

Changes in both physical properties and charge 
profile of the protein would be icularly ~rn~~rta~t 
for the attachment of cells to cdlagenous base- 
ment membrane. Recent studies have shown a pro- 
nounced change in the cell-matrix j~t~ra~t~~ns after 
g&cation of the matrix f41, ,511. This induces @at&t 
aggregation, increasing the risk af thromboti~ disease 
in the efderly and diabetic subjects. 
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4% r~~~*~H~~U~H~~4. % F&B% spectrs were recorded in CDCl, on a 
Rruker WM 400 MHz sp~~rometer using residual CHCI, es in&anal 
reference IS = ‘7.26 ppmk Q-Hydroperoxy-t2-oxo-X5~-dode.ecendc acid: 
9.61 ppm, d, J = 7.7 Hz, HX2; 6,79 ppm, dd, J = 15.9 Hz, 6.3 Hz, HXO; 
5.35 ppm, ddd, J = 15.9 Hz, 7,7/7.8 Hz, 1.Q Hz, HH; 4.65 ppm, dt, J =: 
6.2 Hz, 5.9 Hz, H% 2.2#6 ppm, t, J i= 7.4 Hz, H2. Q-H~dro~-~2-oxo-~5~* 
dodaoenoic acid: Q-69 ppm, d, J = 7.8 Hz, W12; 6~32 ppm, dd, J = 15.7 
Hz, 4.7 Hz, Hlo; 6.31 ppm, ddd, J = 15.7 Hz, 2.8 Hz, 1.4 Hz, H31; 4.43 
ppm, m, IH, l-X9. 

Thct 6,~3d~~~~s and S,X4-diHPC3DEs WCTQ isolated from s &mg 
a~~x~dat~o~ of f35HPODE or 9~~HPU~E~ Fcg~~tive~y, by RP-HPLC 
(Beckman Ultrasphere OHS Xlt pm, 1.0 x 25 em duted with a solvent 
ai acetonitri~elwater~aeetic acid (50:55:0.5~) at a flow rate of4 mllmin~, 
For JH NMR analysis, the c&&zd 8,E&%WPODEs were reduced witti 
N&H,, msthhyfated, and further purified by SP-HPLC using a what- 
man Partisil &pm eohrmn (0.46 x 25 cm) and a solvent of hexand 
isopropanoVaeetic acid @5SO;5,~ by volume> at s flow rate of 1 m~rni~. 
The ‘W NMR spectra were retarded in C&T), using residual benzene as 
intemd ~ef~renee (6 = 7.24 ppm), Abquots ofthe samples collected from 
the initial RP-HPLC separation were used for analysis by LC-ESI-MS. 
LC-coor~~ation ion spray-MS aftbe Ag+ adduct ions of&e lindeic acid 
di~ydro~rox~des was stormed on a triple-stage quadrupale ~~~55# 
instrument (Finnigrtn, San &se, CA) t.ukg ~~~~~~~~8 ~~~~~~~~~y as 
described (1;71* ??he HPLC parameters were: Be&man Ultrasphere Si 
cdumn (0.2 x 25 cm1 elated with bex~~~#~prop~~~a~tiG acid 195: 
1Q:O.T by volume) at a flaw rate of 5.15 mlimin. A salution of Ag~F~ m 
isoproparmi (5.3 MM) was mixed to the cofumn efI$uent befffre the ES 
interface using a syringe pump at a pump rate of ‘f5 &min. Fvr the 
@Z-MS analysis the pairs of diastereomers were collected from RS 
MPLC, reduced with t~i~he~~~~~~e~~~e~ ~~~y~a~~d using athered 
diazomethane, and firtber purified by SP-EWE& wing a B&mm 
~t~asphere Si column (0.46 x 26 cm) &ted with ~ex~e/isopr~p~o~ 
acetic acid (9D:lQ:5.1. by volume) at 1 zn2liai.n The c&e&d products 
were hy~~v~e~a~ using 5% p&a&urn on dumma and treated v&h 
bis(trimetby-Isilyf)trifluoroa~~m~d~p~~~ne. CC-MS was ~~~~ed 
on a Fizanigan fncos 50 mass spoctrometir oormected to an ~6695A 
gas ck~matugraph. Fm- GC, sm 8-i-m OY1701 c@Iumn was used v&h a 
Lempctatute pwgram stahng at 155 “C (1 mkn isotherm) axed sr rate d 
15 “CAnin to 300 “C f4 min isotherm). 

Chircd Resotdivn of 4-EfcpME and B-~~dro~~ra~~-Il-oso-I5E~ds- 
decenoic Acid-155 fig of a raoemic standard of 4-HNE O.yman Chem- 
$x4, Ann Arbor, MI) were reacted w&b a molar excess of metbyZ oxime 
hydrochloride in 20 ~1 of pyridine at room temperature ove~~ght. The 
solvent was evaporated, and the residue was diesetved in 1 mX of 
methy&ne chioride and washed three times with 650 &I of water to 
rcmw~ residual reagent and pyridine. The 4-HNE moth&me deri~a- 
tives were separated on a Waters Symmetry Cf8 fi-grn eofumn (0.46 X 
25 cm) &ted with a solvent of a~e~aitil~wate~~a~tic acid ~6~6~5-5~ 
by vo&me’I at a &w rate of 1 mhia and UV de&&ion at 235 nm. The 
two isomers (syn and e&i) t&&d at 15.4 and XL2 mm t-e&&an time, 
reapeetivety. The later eluting isomer was analyzed by chiral phase 
HPLG using a Chirafpak AD (5.46 x 25 cm) cohrmn &ted with hexand 
ethanol (9Q:fQ by volume1 at a Bow rate of 1 ml/mul and mo~~torad 
using an HP 1045A diode array detector. 

20 &g of the chemicalfy sy~thesj~ed 9-hydroperoxy-r2-oxo-~5~*ded~~ 
cenoic acid were reduced with tripheny~phosp~~~ and treated w&b 
methyl &me hydrochloride in pyridinr owmxi~h~, The sampIe was 
extracted, washed, evaporated, and dissolved in 25 ~1 of metbazrol. To 
this solution a few drops of ethereal diazomethane were added, and the 
sample was evaporated immediately. The ayn- prrnd vale-metho~ime 
[MOX) isomers (retention time5 trfl5,D and 10.6 min, respectively) wee 
isofated from RP-HPLC (Waters Symmetry Cl8 5-&m column 5.46 X 25 
cm) using rtcetonitrile/water/a~etjtic a&d ~3~.6:~2.~5.5~ by valume) as 
solvent at a flow rate of f. ml/min. Chiral analysis of the earlier e&sting 
isamer was perfanned using the cbiraZ phase HPLC conditions de- 
scribed above, 

From a 6-mg autoxidation of US-HBXIE and 9S-HPOLIE (5 h st 
37 “0, 4-HPNE and O-bydroperoxyr-12-oxs~l0E-dadeceno~c acid wera 
isolated by RP-HPLC using a Beckman Ultrasphere OT)S 15-pm col- 
umn (I.0 X 25 cm) aluted wit51 a solwent of acetoaitril~wa~er/acetic acid 
(6~5U:5.51~ at a flow rate oi 4 mWmin. The products were reduced w&b 
an excess of t~phe~y~phosph~~ and then further derivatized, purified, 
and analyzed essentially as described for the taeemic stPmdards. 
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C~~~~ Analysis of #-HPNGTo provide insights into the 
rne~han~rn~s~ of ~o~at~o~ caf 4-HPNE, LVI Rl)tC method for 
the chiral resQlutiQn of the m m %  stable reduction product 
4-MNE was developed. ~~ec~~o~ of ~deriva~~~ 4-HNE on the 
cl&al ~01um.n used resuked in the reaction of 4-HNE with the 
&&al stationary phase IChiraIpak AD). Therefore, the aide- 
byde group was dwivatized to the MOX derivative. The result- 
ing syn- and an&isomers were readily resolved using RP- 
WFLC. I%%en the later eluting oxime isomer from the RP- 
EWLC 6ep~atj~~ was inje&ed on chiral phase WPLC, the 
c~~ti~rncr6 in a commercial standard of 4-HNE were widely 
resolved tith r&e&on %imes of 5.7 and 7.4 min (Fig. WI. The 
earlkr eluting MOX isomer was also resolved into two enanti- 
om~ro, but with less resoWion. The elution order of the cmm- 
t j~mc~6 from the cbiral phase HPLC separation was deter- 
mined using Cz) spectroscopy (sea below). 

From separats S-mg a~tox~da~o~s of 135- and SS-RPOIIE, 
tbre 4-NPNE product was isolated by RP-HPLC, reduced with 
~~he~ylph~6phj~e, and tx-mvertcd to the &%0X derivative. The 
syn- and CC&-%omers of the M6X derivative were resolved on 
RP-HFl+C as described above for the racemic: standards. Fig. 
?A ahuw6 the ~hiral phase HPLC elutkm profile of the later 
&Gig kl0X isomer of 4-WNE derived from 13S-HPODE. Xn- 
~~ati~~ of the pe& area1 of the enantiumers gave a 90:20 
ratia of 4~-~~~ to Qrr-HNE, Similar cbiral analysis of the 
&RPNE product &urn a SS-NPODE auto-axidation showed 

that it was formed ss a virtually ra~emic mixture (54% S and 
46% R; Fig* 7231. 

Cttiral Anakysis of 9-iiydraper~~y-12-a~5- ~~~-~5~e~~~~~ 
Acid----A method for cbiral analysis of 9-hydro(pero)xy-12~xo- 
lO~-d~ece~o~c acid was developed for the m&by1 es&r deriv- 
ative along the same lks as for 4-HNE, Xnjection of the ea&crr 
eluding methyl ester MOX isomer from RP-HPLC resulted in 
the resolution into two enantiomers as shown in Fig. 8C Cre- 
tention times of 9.4 and 12.9 min). When the ~-bydpQper~xy~ 
12-oxo-X0~-dodecenoic a&d derived from a~~xid~~on uf 5 mg 
of I3SHPOf)E was a.nalyzed using this method, it was fownd b 
be an almost racemie mixfure 63:47 S $o dz) CFig. &CL In 
contrast, g~byd~op~roxy- 12-oxo- ~~~~dodeca~o~~ a&d was 
formed from $~-~P~~~ ;%I an Slxz enantiomer raGiu of 91~9 
(Fig. 8B), 

CD Spectroscopy-The tabsnfute c~~~~~~~~~~ af the enanti- 
omers of &he MAX-d~rivat~z~d 4-WNE md B-hydroxy-k2-oxo- 
IOE-dodecenoic acid was determined by CD s~~t~o~~opy to 
determine the elution order from the chiral phase HPLC sep- 
arations (20). The e~a~t~orne~s of both product were ~o~le~~d 
from chit& phase HPLC, and the hydroxy group was derivat- 
iced with Z-naphthoyl-im-idazole to introduce a second cbro- 
mophore at the chiral center as depkted in Fig. 9. The exciton- 
c~uplcd circular diiehroism method of CD s~~t~os~~~y uses the 
innteraction of twa chromophorea at the cbiraf center to defme 
the absolute ~o~~a~o~. To dekeate the absolzrk configu- 
ration of a particular c&al. molecule from the CD spe&um, 
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from 13S~~FU~E (Fig. 83 rev~aI~d that it is a 5X47 mixture of 
the S TV the R ~~~tiurn~r~ which is larg;eIy in agreement with 
this mQehanism. 

The reactions and products &served upon aut~~dati~~ of 
9S-~P~~~ were me~b~isti~al~y equivalent. Xn an initial Hock 
r~arrang~me~t~ 9S-HPOIlE is cleaved into 9-oxo-nonanic acid 
and 3~-~~nenal. 3X-Nonenal is very rapidly loxygenated ta 
4-RPNE, which in &is case is formed as a racamic mixture 

(Pig. 7B and Scheme 3A). In plants, the cleavage of the 9S- 
h~dr~~r~~de is catalyzed by a hydreperaxide Iyase 1261, and 
the ~~b~~~~~~t nonenzpmatic oxygenation of SZ-nanenal has 
been described as the se’urce for the formatian of I-HNE in 
plant tissue (13). There is also, however, an initial allylic hy- 
drogen abstraction at C-14, which is anakgous ?GO the H ab- 
st~a~ti~n at C-8 of 13-HPODE. The resulting radical rear- 
mmges and can be oxygenated at different p~sitiens G,e, on 
ea~buns 10,X2, and 141. Hock cleavage ef the SSJB-dihydroper- 
oxide yields 85-2lydr~perclxy-l2-~xo-10~-dQdecan~i,ie acid and 
be~anal ~~~beme 3B). The predicted S canfiguration of the 
~-hydr~p~r5xy group was confirmed by chiral phase analysis 
If”ig. 8B1. 

An initial hydrogen abstractian at C-8 of 13S-HFOIXZ, as 
~~st~a~d in Scheme 1, predicts the forma&n of p~~i~~nal 
isomers of diast~ra~m~~~ lin&ie acid dihydroperoxides. We 
id~nt~~d a pair of diastere~me~~ 8,23-dihydraperoxides, pra- 
~d~g evidence of the C-8 bydr~ge~ abstraction- The corre- 
s~nd~g 8~13-~hydr~xy derivatives of linoleic a&d have been 
~h~a~~~~Qd previously as minor end prcrducta of the heme- 
~a~ly~ed de~adati~n of X3S-IIPODE 127f+ These dihydroxy 
deriva~ves were farmed via synthesis of a leukotriene type of 
aUylic epoxide (22,13-epoxy-8,10-octadecadienoic acid) that hy 
dr~ly~ed TV the ~,~3-d~ydr~~das. This mechanism is quite 
distinct frem the route to the ~~13-dihydr~Fer~~des that were 
the major products under the conditions used in our study. The 
fact that thase ~,~3-d~ydr~p~r~~ides have a truns,trans con- 
jagated diene also provides strong circumstantial evidence for 
~~gena~~~ at the C-30 position, Such a reaction at C-10 is 
requirt?d to a~colurrt for the change in &~~~~rat~un of the ori- 
inal 9,lO G& double bond ta the trans ~~~~~rati~n found in the 
~~~3-d~yd~~par~~des ESeheme 43 (28, 29). The change in ste- 
rQuch~rnig~ is allowed by the occurrence af a peroxyl radical 
at C-10. This permits rotatim around the 9,lO bond. The sub- 
~q~ant loss of 0, and formation again of the carbon radical 
aligns the carbon backbone ixa the mere stable tmns,trans con- 

~~ygenati~~ at C-8 and formation of the hydroper- 
the stable ~~~3-dihyd~~par~~de diastereomers that 
and identified ~~~heme 41. The equivalent reactions 

aceumed starting with 9S-HPODE, resulting in cbaracteriza- 
t&n of the two ~,~4-dihydr~~er~xides b.y LC-NS and GC-MS. 

The presence of a-t~eopherel during the autotidation of X3S- 
ODE caused a slowing in the less of this substrate and a 

noticeable change in the pattern ofproducts. As an antioxidant, 
~-t~~phe~~I intercepts pemx~l radicals and in the process 
forms an ~-~~c~phero~~I radical and the hydroperoxide. This 
accounts far the slowing of the disappearance of the 13S- 
HPODE startle material, The tocopherexyl radical becomes 
the dominant free radical chain carrier, but it is not a suf& 
c%dAy stmng oxidant to abstract an allylic hydrogen at C-8 of 
13-HPODE (30). This results in a selective absence sf the 
~hydr~per~xides discussed above and of the 4-HPNE cleavage 
~r~uet. On the other hand, direct Hock cleavage of the IX?- 

L 
HFQ~E can still accu~, prodding ~2-#x~-9Z-d~d~c~~~i~ acid. 
The t~~~ph~r~~l radical can abstract a doubly alfyfic bydragen 
from C-l 1 of this in~rmedia~~ thus faking raeernie 9-hy- 
draperaxy- 12+x0- lo&?-dodecenoic acid as the majjor polar pred- 
uct of 13S-~U~E detected in the presence ctf a-tocapherol. 
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Interesting smaU d~~ati#n~ fram the stera~chemist~es pre- 
dicted in tile m~~h~isms in Schemes I and 3 point to the 
existence of additi~~al rautes ta the 4-bydr~x~aI~e~als. We 
found that the 4-HPHE formed from I3S-HP~~~ was s&r& 
cantly less than XKI% S in at~r~~~bemistry. The h~dr~per~~de 
starting materials were 398% s c5~~ati~n~ so - 10% of the 
R enantiamex was formed during &he reaction by a pathway 

ucidated. E-nitial 9113 hydr5p~r~xide isomer- 
izati,ians occurring prior &J chain cleavage may cantribute to the 
product proGles. It was apparent alscr that the 4-HPNE fermed 
from the 9S-HPODE was not racemic, but rather it showed a 
slight preference of the S enantiomer. In tb. case ‘clrere must 
be same transfer of chin&q from the 9s starting material to 
the cl-hydroparexy product. me same consideration hoIds true 
for the formation of the 9-hydr~peroxy-lZ-oxo-fog-drrdecenaic 
acids; they showed simiIar small deviations from the predicted 
chiralities. 

In conclusion, we provide widewe for at least two ~d~~~~d- 
ent mechanisms leading from isomeric w-6 fatty acid hydroper- 
oxides to II-HCP)NE. khre, we used the &wo isameric linoleic 
acid hydreperoxides as m&e1 ~~rnp~~ds. Anafogaus reactions 
are ta be expected with hydr~p~r~~ides from other w-6 fatty 
acids, especially ara~hid~~~~ acid- With arachidenic acid, fl- 
and I5-bydroperoxy-eicosa~traendic acid are the precnrsars to 
form 4XPNE via the analogous mechanisms. The chiral anal- 
ysis method of 4-WNE we devefoped here should be useful in 
further studies to investigate the me~h~~srn of 4-hydr~~ya~- 
enal synthesis. For example, the p~ssibili~ rzf an immlvement 

of enzymes such as fipoxygenasss or ~~~~hr~rne P&OS could 
result in bi~s~thesis of cMra1 4-E-ME and its analogues. A 
pogntial enzyme-initiated pathway to 4- 
ingly important as physi~l~~~aI a&vi 
sub-micromolar range are uncovered. 

2. Bmedetti, A., Esterbaucr, II., Ferrali, M., Fdceri, It., rusd Comporti, M. (29821 
BiQchiri-2. Biophy3. Acta 7Xl,345-3~~ 
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